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SUMMARY 
The i n t e r n a l  mol ten  zone t e c h n i q u e  u t i l i z i n g  r a d i o  f requency 
i n d u c t i o n  h e a t i n g  was developed f o r  u n i d i r e c t i o n a l  s o l i d i f i c a t i o n  o f  
Y 0 s t a b i l i z e d  Z r O  -W composi tes  n e a r  t h e  e u t e c t i c  composi t ion.  The 
2 3 2 
composi tes  c o n s i s t e d  o f  W f i b e r s  a l i g n e d  p a r a l l e l  i n  a  s i n g l e  phase  o x i d e  
m a t r i x .  The d e n s i t y  and s i z e  o f  t h e  W f i b e r s  were  c o n t r o l l e d  by t h e  
s o l i d i f i c a t i o n  r a t e  w i t h  typ ica l .  v a l u e s  be ing  11 m i l l i o n  f i b e r s  of  0.4 
micron d i a m e t e r  p e r  s q u a r e  c e n t i m e t e r  of  composi te .  The i n f l u e n c e s  of  
t h e  f requency o f  i n d u c t  i o n  hea ti.ng , sample compos i t i o n ,  a  nd a tmosphere  
on t h e  i n i t i a l  f o r n s t i o n  o f  a  s t a b l e  i n t e r n a l  mol ten  zone were s t u d i e d .  
The composi te  m i c r o ~ t r u c t u r e  was examined w i t h  r e g a r d  t o  t h e  e f f e c t s  o f  
compos i t ion ,  a tmosphere ,  and s o l i d i f i c a t i o n  r a t e .  The s o l i d i f i c a t i o n  
p rocess  was e x p l a i n e d  u s i n g  t h e  coupled zone theory  f o r  u n i d i r e c t i o n a l  
s o l i d i f i c a t i o n  of  n e a r  e u t e c t i c  m e l t s .  Nuc lea t ion  t h e o r i e s  t h a t  e x p l a i n  
c e r t a i n  s o l i d i f  i c a t  ion phenomena i n  meta l -meta l  s y s  t e m s  were  ex tended  t o  




U n i d i r e c t i o n a l  s o l i d i f i c a t i o n  of e u t e c  t i c  a l l o y s  has  r e c e i v e d  
c o n s i d e r a b l e  a t t e n t i o n  i n  t h e  p a s t  f i f t e e n  y e a r s .  I n v e s t i g a t i o n s  have 
p rogressed  from t h e o r e t i c a l  development t o  e x p e r i m e n t a l  p r o d u c t i o n  o f  
composi tes  and i n  some c a s e s  t h e  d e s i g n  and u s e  o f  t h e  m a t e r i a l s  f o r  s p e -  
c i f i c  a p p l i c a t i o n s .  The m a j o r i t y  o f  t h e  e u t e c t i c  composi t ions  t h a t  have 
been s t u d i e d  a r e  meta l -meta l  sys tems w i t h  a  few impor tan t  works i n  t h e  
o r g a n i c  sys tems .  There  have been few s t u d i e s  i n  o t h e r  t y p e s  o f  e u t e c t i c s  
such  a s  ox ide -ox ide  m i x t u r e s  o r  ox ide -meta l  m i x t u r e s .  Metal -meta l  sys tems 
have r e c e i v e d  t h e  nos  t a t t e n t i o n  because  o f  t h e i r  p o t e n t i a l  a p p l i c a t i o n  
i n  t u r b i n e  b l a d e s  and t h e i r  r e l a t i v e l y  easy  p r o d u c t i o n  compared t o  t h e  
o x i d e  sys tems .  Organ ic  sys tems have been s t u d i e d  because  t h e i r  low m e l t -  
i n g  p o i n t s  have made p o s s i b l e  t h e  d i r e c t  o b s e r v a t i o n  and c o n t r o l  o f  t h e  
l i q u i d - s o l i d  i n t e r f ' a c e  . The unders  tand i n g  o f  t h e  s o l i d i f i c a t i o n  p r o c e s s  
has  been advanced t.hrough t h e s e  s t u d i e s  on o r g a n i c  compos i t ions .  Mix tu res  
i n v o l v i n g  o x i d e s  have been avo ided  due t o  t h e  r e f r a c t o r y  problems i n  con- 
t a i n i n g  t h e  mol ten  o x i d e s .  The l a c k  o f  phase  diagrams f o r  t h e  ox ide -meta l  
sys tems has c o n t r i b u t e d  t o  t h e  problems invo lved  i n  s t u d y i n g  t h i s  type  o f  
e u t e c t i c .  
The i n t e r n a l  mol ten  zone t echn ique  was developed f o r  t h e  growth o f  
r e f r a c t o r y  o x i d e  c r y s t a l s  and l a . t e r  used t o  s t u d y  r e f r a c t o r y  ox ide -meta l  
compos i t e s .  Th i s  t e c h n i q u e  u s e s  r a d i o  f requency  i n d u c t i o n  h e a t i n g  t o  m e l t  
t h e  i n t e r i o r  o f  sample p e l l e t s  w h i l e  t h e  o u t e r  s k i n  o f  t h e  p e l l e t  remains  
s o l i d  and a c t s  a s  a  c r u c i b l e .  U n i d i r e c t i o n a l  s o l i d i f i c a t i o n  of  t h e  mol ten  
m a t e r i a l  was ach ieved  by lower ing t h e  p e l l e t  o u t  of  t h e  i n d u c t i o n  h e a t i n g  
c o i l  s o  t h a t  t h e  l i q u i d - s o l i d  i n t e r f a c e  moves up th rough  t h e  p e l l e t .  
The f i r s t  ox ide -meta l  composi tes  u n i d i r e c  t i o n a l l y  s o l i d i f i e d  u s i n g  
t h e  i n t e r n a l  molten zone t echn ique  were  i n  t h e  UO -W system. The s t r u c -  
2 
t u r e  c o n s i s t e d  o f  a n  UO m a t r i x  w i t h  W f i b e r s  o r  r o d s  a l i g n e d  p a r a l l e l  t o  
2 
t h e  s o l i d i f i c a t i o n  cIr growth d i r e c t i o n .  The W f i b e r s  were l e s s  than  a  
micron i n  d i a m e t e r  znd t h e  colnposite had s e v e r a l  m i l l i o n  f i b e r s  p e r  s q u a r e  
c e n t i m e t e r .  The second oxide-metal  s y s  tem i n  which u n i d i r e c t i o n a l  s o l i d -  
i f i c a t i o n  was ach ieved  was t h e  CaO s t a b i l i z e d  ZrO -W sys tem.  The growth 
2 
o f  W f i b e r s  i n  t h e  ZrO -CaO-W p e l l e t s  was r e s t r i c t e d  t o  s m a l l  a r e a s  w i t h  
2 
t h e  m a j o r i t y  of  t h e  s o l i d i f i e d  m a t e r i a l  c o n s i s t i n g  o f  d e n d r i t e s  o r  a  de-  
g e n e r a t e  s t r u c t u r e .  
The purpose  o f  t h i s  i n v e s t i g a t i o n  was t o  s t u d y  t h e  f a c t o r s  which 
a f f e c t e d  the  s o l i d i f i c a t i o n  p rocess  such a s  compos i t ion ,  growth r a t e ,  and 
a tmosphere .  To a c h i e v e  t h i s  a method o f  o b t a i n i n g  a  s t a b l e  mol ten  zone 
i n  Y 0 s t a b i l i z e d  Z r O  -W p e l l e t s  was f i r s t  developed.  At tempts  were made 
2 3 2 
t o  develop a  method t o  a c h i e v e  uniform s o l i d i f i c a t i o n  o f  W f i b e r s  i n  t h e  
o x i d e  m a t r i x  th roughout  t h e  e n t i r e  l e n g t h  o f  u n i d i r e c t i o n a l l y  s o l i d i f i e d  
m a t e r i a l  . The knowledge ga ined  from t h i s  i n v e s t i g a t i o n  shou ld  advance 
t h e  u n d e r s t a n d i n g  o f  t h e  u n i d i r e c t i o n a l  s o l i d i f i c a t i o n  o f  oxide-metal  
systems and l e a d  t o  t h e  so lu t i .on  of  s e v e r a l  problems i n  t h e  p r o d u c t i o n  o f  
such composi tes  . 
CHAPTER I1 
SURVEY OF LITERATURE 
T h i s  c h a p t e r  i s  a  review o f  t h e  l i t e r a t u r e  r e l a t e d  t o  t h e  t o p i c  o f  
u n i d i r e c t i o n a l  s o l i d i f i c a t i o n  o f  Y 0 s t a b i l i z e d  Zr02-W. S e c t i o n s  i n c l u d e  
2 3 
a  d e s c r i p t i o n  o f  e u t e c  t i c  s t r u c t u r e s  , t h e  s y s  tems previous1.y s t u d i e d  and 
a n  e x p l a n a t i o n  of  t h e  coupled zone t h e o r y .  The u s e  o f  i n d u c t i o n  h e a t i n g  
i n  t h e  i n t e r n a l  mol ten  zone t e c h n i q u e  i s  b r i e f l y  e x p l a i n e d ,  and t h e  s t a -  
b i l i z a  t i o n  o f  z i r c o n i a  i s  reviewed. 
E u t e c t i c S t r u c t u r e s  and Sys tems 
1 
Hogan p r e s e n t s  a  c l a s s  ifyica t i o n  o f  e u t e c  t i c  m i c r o s t r u c t u r e s  
o r i g i n a l l y  developed by ~ c h e i . 1 . '  m e  s t r u c t u r e s  a r e .  d i v i d e d  i n t o  t h r e e  
c l a s s e s ,  1)  normal ,  2) anomalous,  and 3)  d e g e n e r a t e .  Normal s t r u c t u r e s  
a r e  t h o s e  o f  "h igh ly  o r g a n i z e d  c a t u r e "  such  a s  l a m e l l a r  and f i b e r  s t r u c -  
t u r e s .  Anomalous s t r u c t u r e s  have t h e  phases  c l o s e l y  i n t e r m i n g l e d  b u t  w i t h  
much l e s s  r e g u l a r i t l y .  Degenerat.e s t r u c t u r e s  have a  minimum a s s o c i a t i o n  
o f  t h e  phases  a s  i f  they  have s o l i d i f i e d  comple te ly  independen t ly .  Normal 
s t r u c t u r e s  a r e  t h e   nos t impor tan t  and a r e  t h e  o n l y  s t r u c t u r e s  d e s c r i b e d  
h e r e .  
The c h a r a c  t e . r i s t  i c s  o f  t h e  normal e u t e c t i c  s t r u c t u r e  a s  p r e s e n t e d  
by Hogan1 i n d i c a t e  the  phases  s o l i d i f y  s i m u l t a n e o u s l y  i n  a  c l o s e  p h y s i c a l  
a s s o c i a t i o n .  The s o l i d i f i c a t i o n  t a k e s  p l a c e  by t h e  movement o f  a n  a l m o s t  
p l a n e a r  l i q u i d - s o l i d  i n t e r f a c e .  The l a m e l l a e  o r  f i b e r s  s o l i d i f y  perpen- 
d i c u l a r  t o  t h e  l i q u i d - s o l i d  i n t e r f a c e  s o  t h a t  e a c h  phase is con t inuous  i n  
the  growth t l i r e c t i c n .  The s p a c i n g  of  t h e  Lamcllae o r  f i b e r s  is uniform 
f o r  any g iven  s e t  of  growth c o n d i t i o n s .  Th i s  s p a c i n g  becomes f i n e r  a s  
t h e  s o l i d i f i c a t i o n  r a t e  i n c r e a s e s .  
E u t e c t i c  g r a i n s  a r e  formed analogous  t o  t h e  g r a i n s  o f  a  s i n g l e  phase  
a l l o y .  In  t h e s e  g r a i n s  each phase  has  a  uniform c r y s t a l  o r i e n t a t i o n  and 
grows from a  s i n g l e  n u c l e u s .  Hogan d e s c r i b e s  t h e  g r a i n s  a s  be ing  two 
i n t e r p e n e t r a t i n g  s i n g l e  c r y s t a l s  . 
3 
Weart and Mack exp1ai.n t h a t  t h e r e  a r e  t h r e e  s t r u c t u r e s  produced 
d u r i n g  u n i d i r e c  t ion.31 e u t e c  t i c  s o l i d i f i c a t i o n .  These a r e  t h e  g r a i n  s t r u c -  
t u r e ,  t h e  colony o r  c e l l  s t r u c t u r e ,  and t h e  e u t e c t i c  s t r u c t u r e ,  w i t h  e a c h  
one c o n t a i n e d  i n  t h e  one p reced ing  i t .  The g r a i n  s t r u c t u r e  is  analogous  
t o  t h e  e u t e c  t i c  g r a i n s  mentioned above i n  Hogan I s  nomencla ture .  Weart 
3 
s t a t e s  t h a t  t h e  colony o r  c e l l  s t r u c t u r e  is a  " subgra in  s t r u c t u r e  whose 
u n i t s  c o n t a i n  s e v e r a l  dozen phase  p a r t i c l e s .  " " . . . c o l o n i e s  a r e  d i s -  
t i n g u i s h e d  by t h e  phase  p a r t i c l e  ar rangement  and n o t  by c r y s t a l l o g r a p h i c  
o r i e n t a t i o n  a s  i n  t h e  c a s e  o f  g r a i n s  . I1  Weart e x p l a i n s  t h a t  c o l o n i e s  and 
g r a i n s  have been confused  i n  t h e  l i t e r a t u r e  because  o f  t h e  d i f f i c u l t y  i n  
d i f f e r e n t i a t i n g  then .  The colony s t r u c t u r e  i s  b e s t  obse rved  i n  a  p o l i s h e d  
p lane  which c o n t a i n s  t h e  growth d i r e c t i o n .  The c e l l  boundar ies  o r  co lony  
w a l l s  w i l l  t hen  a p p e a r  p a r a l l e l  t o  t h e  growth d i r e c t i o n  and have t h e  l a -  
me l lae  o r  f i b e r s  c u r v i n g  i n t o  the  boundary.  The t h i r d  s t r u c t u r e  is  t h e  
e u t e c t i c  s t r u c t u r e  a d  r e f e r s  t o  t h e  a c t u a l  shape o f  t h e  phase  p a r t i c l e s  
whether  they  be l a m e l l a r ,  f i b e r o u s  , o r  g l o b u l a r .  
The me tal-me t . a l  e u t e c  t i c  :;ys terns have r e c e i v e d  c o n s i d e r a b l e  s t u d y ,  
and t h e  m a j o r i t y  of  t h e  l i t e r a t u r e  and t h e o r i e s  on u n i d i r e c t i o n a l  
4 
s o l i d i f i c a t i o n  a r e  based on meta l -meta l  sys tems .  K o f l e r  and Hunt and 
5 
Jackson s t u d i e d  o r g a n i c  sys tems i n  which t h e  lower m e l t i n g  p o i n t s  made 
t h e  o b s e r v a t i o n  o f  s o l i d i f i c a t i o n  less d i f f i c u l t .  S t u d i e s  o f  ox ide -meta l  
sys tems have been l i m i t e d  by e x p e r i m e n t a l  d i f f i c u l t i e s  r e l a t e d  t o  h i g h  
t empera tu res  and t h e  l a c k  o f  phase  diagrams f o r  such  sys tems .  Oxide- 
o x i d e  systems have a l s o  r e c e i v e d  l i t t l e  a t t e n t i o n  due t o  t h e  h i g h  temper- 
a  t u r e  problems. 
6-11 12  
Hogan el: a l .  p r e s e n t  a  l i s t  o f  156 d i f f e r e n t  
systems which have been i n v e s t i g a t e d .  
I n v e s t i g a t i o n s  o f  ox ide -meta l  sys tems have been performed i n  t h e  
Schoo l  of  Ceramic E n g i n e e r i n g  a t  Georgia  I n s t i t u t e  o f  TechnologyU and a t  
t h e  Meta l s  and Ceramics D i v i s i o n  o f  t h e  Oak Ridge N a t i o n a l  Labora to ry .  
The UO -W sys tem was t h e  f i r s t  d.eveloped a t  Oak Ridge and has  r e c e i v e d  
2 
t h e  most a t t e n t i o n .  14-17 The s t a b i l i z e d  Z r O  -W was t h e  second o x i d e -  
2  
m e t a l  sys tem t o  be u n i d i r e c t i o n a l l y  s o l i d i f i e d . 1 8 - 2 0  O t h e r  sys tems de -  
veloped i n c l u d e  s t a ' b i l i z e d  HfO -W, 
2 
21y22 U02-Ta, Nb, o r  ~ 0 , ~ ~  and v a r i o u s  
r a r e  e a r t h  o x i d e s  such  a s  Gd 0 La203, and Nd203 doped w i t h  Ce02 and Mo 
2 3 '  
o r  W .  l3 Nelson and  asm muss en^^ a t  B a t t e l l e  Northwest  Labora to ry  have re- 
p o r t e d  e u t e c t i c  s o l i d i f i c a t i o n  i n  t h e  sys tems Cr 0 -Mo, Cr 0 -W, and 
2  3 2 3 
MgO-W. A d d i t i o n a l  e x p l o r a t o r y  work a t  B a t t e l l e  Northwest  i n v i s  t i g a t i n g  
t h e  s o l u b i l i t y  o f  r e f r a c t o r y  m e t a l s  (W, Mo, Ta, and Re) i n  numerous mol ten  
ox ides  i n d i c a t e d  a d d i t i o n a l  sys tems may form o r d e r e d  s t r u c t u r e s .  
2 5 
U n i d i r e c t i o n a l  s o l i d i f i c a t i o n  o f  CaO s t a b i l i z e d  ZrO -W was f i r s t  
2  
r e p o r t e d  by Watson. 18y19 The i n t e r n a l  zone m e l t i n g  t echn ique  was used t o  
m e l t  t h e  i n t e r i o r  o f  c y l i n d r i c a l  p e l l e t s  i n  a n  N a tmosphere .  The f r e -  
2 
quency f o r  t h e  i n d u c t i o n  h e a t i n g  was 13.6  megaher tz .  The s o l i d i f i e d  
i n t c r i o r  o f  the  p e l l e t s  showed t h r e e  d i s t i n c t  r e g i o n s .  A r e g i o n  o f  
normal e u t e c t i c  s t r u c t u r e  was found a t  t h e  base  o f  t h e  s o l i d i f i e d  zone.  
T h i s  s t r u c t u r e  c o n s i s t e d  o f  W f i .bers  p a r a l l e l  t o  t h e  growth d i r e c t i o n  
s o l i d i f i e d  i n  t h e  s t a b i l i z e d  ZrO m a t r i x .  A second r e g i o n  was a  c i rcum- 
2  
f e r e n t i a l  band a d j a c e n t  t o  t h e  unmelted s k i n  c o n t a i n i n g  c l e a r  ZrO c r y s -  
2  
t a l s  and no W .  The t h i r d  r e g i o n  was a  c e n t r a l  a r e a  o f  d e g e n e r a t e  e u t e c t i c  
s t r u c t u r e  c o n t a i n i n g  Z r O  d e n d r i t e s  and vo ids  p a r t l y  f i l l e d  w i t h  Caw0 
2  3 
and W .  
The Coupled Zone Theory -- 
A s  e a r l y  a s  1922 ~ r a d ~ ~ ~  r e p o r t e d  t h a t  e u t e c t i c  s t r u c t u r e s  can be  
s o l i d i f i e d  o v e r  a  r.snge of  composi t ions  on e i t h e r  s i d e  of  t h e  e q u i l i b r i u m  
e u t e c t i c  p o i n t .  Th i s  r e g i o n  was termed t h e  "coupled reg ion"  o r  "coupled 
4 
zone1' by K o f l e r  i n  h e r  i n v e s t i g a t i o n  o f  o r g a n i c  e u t e c t i c  sys tems .  The 
coupled growth conc~ep t  was f i r s t  a p p l i e d  t o  m e t a l l i c  e u t e c t i c s  by S c h e i l  
2  
and l a t e r  reviewed by Hogan 1 y 1 2 y 2 7  and used by many o t h e r  i n v e s t i g a -  
t o r s  28-32 t o  e x p l a i ; ~  t h e  e u t e c  t i c  s o l i d i f i c a t i o n  phenomena. 
The coupled zone i s  a  r e g i o n  below t h e  e u t e c t i c  t empera tu re  i n t o  
which undercoo l ing  can lower t h e  t empera tu re  o f  t h e  l i q u i d .  S o l i d i f i c a -  
t i o n  o f  t h e  m e l t  then  produces  a  normal e u t e c t i c  s t r u c t u r e .  The cornposi- 
t i o n  range o f  t h e  coupled r e g i o n  u s u a l l y  i n c l u d e s  t h e  e q u i l i b r i u m  e u t e c  t i c  
composi t ion a t  a  11 amounts of  undercoo l ing  b u t  t h i s  r equ i rement  is  n o t  
n e c e s s a r y  i n  a l l  c a s e s .  I f  t h e  compos i t ion  and undercoo l ing  o f  t h e  l i q u i d  
p l a c e  t h e  m e l t  i n  the  coupled region,  t h e  s o l i d i f i c a t i o n  o f  bo th  e u t e c t i c  
phases  w i l l  t ake  p l a c e  i n  a  coupled manner. Th i s  i s  t o  s a y  t h e  s o l i d i f i -  
c a t i o n  r a t e s  of  t h e  two e u t e c t i c  phases  a r e  e q u a l  and f a s t e r  than  t h e  
s o l i d i  r i c n t i o n  r n t c  o i  any primary phase .  I f  the  m e l t  l i e s  o u t s i d e  t h e  
coupled r e g i o n ,  s o l i d i f i c a t i o n  of one primary phase  e n r i c h e s  t h e  l i q u i d  
i n  t h e  o t h e r  compon.ent and moves t h e  composi t ion toward t h e  coupled 
r e g i o n .  Whether t h e  coupled r e g i o n  is reached depends on t h e  n u c l e a t i o n  
f a c t o r s  invo lved  i n  t h e  p a r t i c u l a r  s y s  tem, 
The coupled growth theory  i s  based on s c h e i l ' s 2  concep t  t h a t  t h e  
s o l i d i f i c a t i o n  r a t e  o f  any s o l i d  phase  i s  p r o p o r t i o n a l  t o  t h e  degree  o f  
s u p e r s a t u r a t i o n  of  t h e  m e l t  w i t h  r e s p e c t  t o  t h a t  phase .  I f  a  me l t  is  
coo led  u n t i l  i t  j u s t  meets t h e  l i q u i d u s  l i n e ,  t h e n  i t  w i l l  be j u s t  s a t u -  
r a t e d  w i t h  r e s p e c t  t o  o n e  pha.se. A c r y s t a l  o f  t h i s  phase ,  i f  added t o  
t h e  m e l t ,  would n o t  grow, b u t  would j u s t  be  i n  e q u i l i b r i u m  w i t h  t h e  l i q u i d .  
Some amount o f  s u p e r s a  t u r a  t i o n  would be n e c e s s a r y  f o r  s o l i d i f i c a t i o n  t o  
talce p l a c e .  Th i s  s u p e r s a t u r a t i o n  o f  t h e  l i q u i d  might be produced by un- 
2 
d e r c o o l i n g  o r  by a  composi t ion change i n  t h e  l i q u i d .  S c h e i l  s t a t e s  t h a t  
t h e  r a t e  of  s o l i d i f i c a t i o n  i n c r e a s e s  w i t h  t h e  degree  o f  s u p e r s a  t u r a t i o n  
a c c o r d i n g  t o  a  p a r a b o l i c  r e l a  t i o n .  
1 
Hogan d e s c r i b e s  t h e  most s i m p l e  i d e a l  e u t e c t i c  as one  i n  which 
t h e  l i q u i d u s  l i n e s  a r e  roughly  symmetr ica l  a b o u t  t h e  e u t e c t i c  p o i n t  and 
the  volume f r a c t i o n  o f  t h e  two phases i s  e q u a l .  F i g u r e  1 shows t h e  phase  
diagram f o r  such  a  c a s e .  The l i q u i d u s  l i n e s  have been extended i n t o  t h e  
m e t a s t a b l e  r e g i o n  below t h e  e u t e c  t i c  t empera tu re .  Each o f  t h e s e  l i n e s  
r e p r e s e n t s  t h e  compcls i t i o n  and t empera tu re  a t  which t h e  supercoo led  li- 
qu id  w i l l  be j u s t  s a . t u r a t e d  w i t h  r e s p e c t  t o  one o f  t h e  pr imary phases .  
I f  a  m e l t  o f  t h e  e u t e c t i c  compos i t ion ,  
'e ' i s  undercooled s l i g h t l y  below 
t h e  e u t e c t i c  t empera tu re ,  Te, t h e  amount o f  s u p e r s a t u r a t i o n  o f  bo th  a and 
Figure 1. Th3 Coupled Zone and Equal S a t u r a t i o n  Line 
I n  a System i n  which the  Extended Liquidus 
L i : ~ e s  Are Ro~kghly Symmetrical About the  
Eu tec t i c  Poin t .  The Distance Cmb-Co Equals 
Thj? Distance Cma-C,. 
B w i l l  be c q u a l .  Th i s  w i l l  cause  bo th  phases cu and p t o  s o l i d i t y  t o g e t h e r  
a t  t h e  same r a t e  i r .  t h e  coupled manner. A f l a t  l i q u i d - s o l i d  i n t e r f a c e  
would be t h e  r e s u l t .  
I f  t h e  l i q u i d  i s  undercooled t o  a  lower t empera tu re ,  To, a  d i f f e r -  
e n t  s i t u a t i o n  deve lops  because  o f  t h e  s l i g h t  unsymmetry o f  t h e  extended 
l i q u i d u s  l i n e s .  To show t h i s ,  t h e  l i n e  from t h e  e u t e c t i c  p o i n t  through 
p o i n t  Co i s  shown i n  F i g u r e  1 s o  t h a t  t h e  d i s t a n c e  C - C e q u a l s  mb o  
'ma - Co.  The p o i n t  Co r e p r e s e n t s  t h e  m e l t  compos i t ion  which i s  e q u a l l y  
s u p e r s a t u r a t e d  w i t h  r e s p e c t  t:o b o t h  cu and fi a t  t h e  t empera tu re  T  . The 
0 
l i n e  c o n t a i n i n g  poi ,n t  C is  drawn s o  t h a t  e q u a l  s a t u r a t i o n  is  shown a t  
0 
a l l  t empera tu res  below T  . This  l i n e  can then  be c a l l e d  t h e  e q u a l  s a t u r a -  
e 
t i o n  l i n e .  
I f  a  m e l t  o f  composi t ion Ce i n  F i g u r e  1 i n  which bo th  components 
have i d e n t i c a l  d i f  fils i o n  and n u c l e a t i o n  p r o p e r t i e s  is  undercooled t o  tem- 
p e r a t u r e  T  i t  w i l l  be s a t u r a t e d  w i t h  r e s p e c t  t o  a t o  a  g r e a t e r  e x t e n t  
0 
than  t o  8. This  is  because  t h e  d i s t a n c e  C - C i s  g r e a t e r  than  C 
e  ma e  - 'rnb. 
Both phases  can s o l i d i f y  b u t  t h e  a phase w i l l  s o l i d i f y  a t  a  f a s t e r  r a t e .  
T h i s  c a u s e s  t h e  s o l j . d i f i c a t i o n  o f  pr imary c r y s t a l s  o f  CY and moves t h e  
l i q u i d  compos i t ion  t:oward C . When t h e  l i q u i d  compos i t ion  reaches  C 
0 0 
bo th  phases  w i l l  have e q u a l  s a t u r a t i o n  and s o l i d i f y  a t  t h e  same r a t e  i n  
t h e  coupled manner. The l i q u i d - s o l i d  i n t e r f a c e  w i l l  be f l a t  w i t h  n e i t h e r  
phase  l e a d i n g  t h e  o t h e r  when t h e  l i q u i d  compos i t ion  i s  on t h e  e q u a l  s a t u r a -  
t i o n  l i n e ,  t h e  volume f r a c t i o n  o f  e a c h  phase  is  e q u a l ,  and t h e  l i q u i d u s  
l i n e s  a r e  roughly  s y h e t r i c .  
Coupled growth c a n  be ach ieved  i n  a  r e g i o n  around t h e  e q u a l  
s a t u r a t i o n  l i n e  by n o t  r e q u i r i n g  t h e  l i q u i d - s o l i d  i n t e r f a c e  t o  be f l a t .  
1 
I f  one phase i s  a l lowed t o  l e a d  t h e  o t h e r  phase  a s  shown i n  F i g u r e  2, t h e  
growth o f  t h e  two phases  can  s t i l l  be coupled even though t h e  m e l t  compo- 
s i t i o n  i s  n o t  on t h e  e q u a l  s a t u ~ : a t i o n  l i n e .  FIogan1 e x p l a i n s  t h a t  i f  t h e  
a l a m e l l a e  s o l i d i f y  a t  a n  i n i t i a l l y  f a s t e r  r a t e  they  w i l l  advance ahead 
o f  t h e  B l a m e l l a e  a s  i n  F i g u r e  2 .  The l i q u i d  compos i t ion  i.n t h e  groove 
between t h e  l a m e l l a e  w i l l  be C ( t h e  e q u a l  s a t u r a t i o n  composi t ion)  b u t  a t  
0 
t h e  l a m e l l a e  t i p s  i t  w i l l  be Cp and C A t  t h e  t i p  o f  a n  U l a m e l l a  t h e  B ' 
composi t ion CCY w i l l  be d e p l e a t e d  o f  w i t h  r e s p e c t  t o  C due t o  t h e  s o l i d -  
0 
i f i c a t i o n  of  CY. This  s e t s  up a d i f f u s i o n  o f  a atoms from t h e  groove o f  
composi t ion C t o  t h e  a 1amel.la t i p .  Atoms o f  B are a l s o  d i f f u s i n g  from 
0 
2 t h e  CY l a m e l l a  t i p  t~ t h e  groove.  S c h e i l  s t a t e s  t h i s  s i t u a t i o n  w i l l  c a u s e  
t h e  CY l a m e l l a e  t o  be r e l a t i v e l y  s t a r v e d  f o r  m a t e r i a l  compared t o  t h e  B 
l a m e l l a e .  Th i s  is  because o f  t h e  longer  d i f f u s i o n  d i s t a n c e  from t h e  
groove t o  t h e  l e a d i x g  @ t i p s  than  from t h e  groove t o  t h e  t i p s .  Th i s  
s t a r v a t i o n  w i l l  s low down t h e  a l a m e l l a ' s  s o l i d i f i c a t i o n  r a t e .  A r a t e  
w i l l  be e s t a b l i s h e d  s o  t h a t  t h e  a and B l a m e l l a e  w i l l  be coupled and t h e  
w i l l  l e a d  the  P l a m e l l a  a t  some s p e c i f i c  d i s t a n c e  determined by t h e  d i f -  
f e r e n c e  i n  t h e  l i q u i d  compos i t ion  from t h e  e q u a l  s a t u r a t i o n  compos i t ion .  
T i l l e r 3 3  d e r i v e d  a n  e q u a t i o n  r e l a t i n g  t h e  l i q u i d  composi t ion ex- 
p r e s s e d  a s  volume fyract ions  t o  the  l e a d  d i s t a n c e  o f  t h e  l a m e l l a  by s t a r t -  
i n g  w i t h  t h e  assumprion t h a t  t h e  f l u x  o f  s o l u t e ,  p, i n t o  t h e  base  o f  t h e  
groove o f  e u t e c t i c  compos i t ion ,  Ce ,  from t h e  @ l a m e l l a  must e q u a l  t h e  
f l u x  o f  t h e  s o l u t e  o u t  o f  t h e  groove t o  t h e  l a m e l l a .  I f  1, and lg are 
t h e  d i f f u s i o n  d i s t a n c e s  a s  i n  F i g u r e  2 and = Ci  - C t h e  e q u a l i t y  o f  e 
"4 C *  = Ce by T i l l e r  
C *  = Co by Hogan 
Figure 2. The Liquid-Solid In te r face  Above - a n d B  
Lamellae Showing Various Distances and 
Compositions. 
t h e  f l u x e s  i s  g iven  by 
The Pythagorean theorem i s  then used t o  f i n d  a n  approx imat ion  f o r  t h e  
d i f f u s i o n  d i s t a n c e ,  li, where i r e p r e s e n t s  a o r  B .  
where d  and A a r e  d e f i n e d  i n  F i g u r e  2 .  Combining t h e s e  two e q u a t i o n s  
i i 
and a r r a n g i n g  terms T i l l e r  o b t a i n s :  
H e  then  approx imates  t h e  l i q u i d u s  l i n e s  a s  be ing  s t r a i g h t  l i n e s  o f  s l o p e  
m e x t e n d i n g  below t h e  e u t e c t i c  t empera tu re .  The compos i t ions  Ca and C 
i P 
a r e  assumed t o  be  found on t h e s e  l i n e s  a t  a n  e q u a l  u n d e r c o o l i n g ,  AT, f o r  
bo th  phases .  The r a t i o  Bc,IAc is  t h e n  r e l a t e d  t o  t h e  s l o p e s  by t h e  B 
e q u a t i o n  o f  s t r a i g h t :  l i n e s  
AT. = m.(Ci - C ) = miACi 
1 1 e  ( 4 )  
The r a t i o  o f  lamel l -ar  w i d t h s ,  i ( y / h p ,  i s  e q u a l  t o  t h e  r a t i o  of  t h e  volume 
f r a c t i o n  of a phase ,  Va, t o  t h e  volume f r a c t i o n  o f  t h e  p phase ,  v~ ' 
Combining t h e s e  e q u a t i o n s  T i l l e r  o b t a i n s  
A s i m i l a r  e x p r e s s i o n  can be o b t a i n e d  by u s i n g  ~ o g a n ' s  methods which 
f o l l o w  t h e  coupled zone t h e o r y  rnore c l o s e l y .  He assumes t h e  compos i t ion  
a t  t h e  base  of  t h e  groove t o  be t h e  e q u a l  s a t u r a t i o n  compos i t ion ,  
Co 
and t h e  compos i t ion ,  Ca o r  C a t  t h e  l a m e l l a e  t i p s  t o  be s l i g h t l y  o f f  t h e  
8' 
extended l i q u i d u s  l i n e .  Th i s  s l i g h t  v a r i a t i o n  from t h e  composi t ion on 
t h e  l i q u i d u s  l i n e  p r o v i d e s  a  s u p e r s a t u r a t i o n  t o  d r i v e  t h e  s o l i d i f i c a t i o n  
p r o c e s s .  Th i s  has  t h e  e f f e c t  o f  making AC = - bC which is n e c e s s a r y  t o  
CY B 
have e q u a l  s o l i d i f i c a t i o n  r a t e s .  So Equa t ion  3 becomes 
which by use  o f  Equa t ion  7 beconles 
I n  Equat ions  8 and 10 t h e  r a t i o  o f  t h e  volume f r a c t i o n s ,  V d V p ,  
is a n  e x p r e s s i o n  of  t h e  m e l t  compos i t ion .  These e q u a t i o n s  show how a 
change i n  the  mel t  composi t ion from C i n  T i l l e r ' s  a n a l y s i s  and from C 
e o 
i n  Hogan's a n a l y s i s  can be compensated f o r  by a change i n  t h e  l a m e l l a  
l e a d  d i s t a n c e  and l a m e l l a  w i d t h s .  These changes e f f e c t  t h e  d i f f u s i o n  d i s -  
t a n c e s  s o  t h a t  t h e  s o l u t e  f l u x e s  can  remain e q u a l .  Equa t ions  8 and 10 
a c t u a l l y  s a y  t h a t  coupled growth can be o b t a i n e d  a t  any composi t ion i f  
t h e  l ead  d i s t a n c e  is  g r e a t  enough. But t h e r e  is  a l i m i t  t o  t h e  l e a d  d i s -  
t a n c e  which d e f i n e s  t h e  boundar ies  o f  t h e  coupled zone.  I f  t h e  l e a d  d i s -  
t a n c e  is  too  g r e a t  t h e  l e a d i n g  phase  w i l l  grow l a t e r a l l y  and become den- 
d r i t i c .  S e v e r a l  s t u d i e s  have been made on t h i s  e u t e c t i c  t o  d e n d r i t i c  
t r a n s l a t i o n  i n  meta l -meta l  sys tems .  
32,  34-36 
F i g u r e s  1 and 3 show two p o s s i b l e  t y p e s  o f  coupled r e g i o n s  a s  
d e s c r i b e d  by ~ o f l e r . ~  The shaded a r e a s  show t h e  coupled r e g i o n  i n  which 
t h e  e u t e c t i c  s t r u c t u r e  can  be s o l i d i f i e d .  F i g u r e  1 h a s  t h e  l i q u i d u s  
l i n e s  a lmos t  symmet r i ca l  a b o u t  t h e  e u t e c t i c  p o i n t .  I n  such  a c a s e  t h e  
e u t e c t i c  s t r u c t u r e  can  e a s i l y  be o b t a i n e d  i n  any composi t ion n e a r  t h e  eu- 
t e c t i c  composi t ion i f  enough undercoo l ing  c a n  be a c h i e v e d .  F i g u r e  3 
r e p r e s e n t s  t h e  s i t u a t i o n  where t h e  l i q u i d u s  l i n e s  a r e  ve ry  unsymma t r i c a l .  
The coupled zone i s  no l o n g e r  c e n t e r e d  below t h e  e u t e c t i c  p o i n t ,  b u t  
skewed toward t h e  component w i t h  t h e  h i g h e r  m e l t i n g  p o i n t .  Chadwick 
29 
1 nucleation of P phase 
2 growth of U dendrite 
3 nucleation of o( phase 
4 growth of u( halo 
5 nucleation of-on the halo 
and growth of eutectic 
Figure 3. The Skewed Coupled Zone in Systems with 
Un:;ymmetrical Liquidus Lines and the 
Steps in the Solidification of a Halo. 
s t a t e s  t h e  r e a s o n  f o r  t h i s  is  t h a t  t h e  s u p e r c o o l i n g  o f  t h e  l i q u i d  i s  
r e l a t i v e l y  much g r e a t e r  f o r  t h e  phase  w i t h  t h e  h i g h e r  m e l t i n g  p o i n t .  
The t empera tu re  d e ~ e n d e n c e  o f  s o l i d i f i c a t i o n  r a t e  o f  t h i s  phase  i s  much 
g r e a t e r  than  f o r  th.e low tempera tu re  m e l t i n g  phase .  With a  g i v e n  amount 
o f  undercoo l ing  below t h e  e u t e c t i c  temperature ,  one phase  i s  coo led  below 
t h e  m e l t i n g  p o i n t  o f  t h e  pure  component much g r e a t e r  than  t h e  o t h e r  phase .  
T h i s  c a u s e s  unequal  s o l i d i f i c a t i o n  r a t e s  even i f  t h e  m e l t  is  e q u a l l y  sup-  
e r s a t u r a t e d  w i t h  b o t h  phases .  Th i s  i n e q u a l i t y  o f  s o l i d i f i c a t i o n  rates a t  
equa 1 s u p e r s a  t u r a  t i o n  produces t h e  d i sp lacement  o f  t h e  coupled zone t o  a 
r e g i o n  i n  which t h e  r a t e s  a r e  e q u a l .  The coupled zone is  a c t u a l l y  cen-  
t e r e d  a b o u t  a  l i n e  o f  e q u a l  s o l i d i f i c a t i o n  r a t e s .  Th i s  l i n e  cor responds  
t o  t h e  e q u a l  s a t u r a t i o n  l i n e  when t h e  components have s i m i l a r  m e l t i n g  
p o i n t s  o r  t h e  l i q u i d u s  l i n e s  a r e  symmetr ica l  abou t  t h e  e u t e c t i c  p o i n t .  
~ o ~ a n ~  uses  t h e  skewed coupled zone and n u c l e a t i o n  f a c t o r s  t o  
e x p l a i n  t h e  s o l i d i f i c a t i o n  of  "halos"  around pr imary dendr i . t e s .  S u n d q u i s t  
e t  a1.38 d e s c r i b e  t h e  h a l o s  a s  a secondary  phase s u r r o u n d i n g  t h e  pr imary 
phase .  The e x p l a n a t i o n  o f  h a l o  fo rmat ion  is based on n u c l e a t i o n  t h e o r y  
p r e s e n t e d  by Sundquis t  and ~ o n d o l f o . ~ ~  They s t a t e  t h a t  m e t a l s  t h a t  a r e  
d i f f i c u l t  t o  n u c l e a t e  have compl-ex o r  open s t r u c t u r e s  and a r e  good nuc- 
l e a t i n g  a g e n t s  f o r  o t h e r  m e t a l s .  S i m i l a r l y  m e t a l s  t h a t  a r e  e a s y  t o  nuc- 
l e a t e  have s i m p l e  s t r u c t u r e s  and a r e  poor n u c l e a t i n g  a g e n t s  f o r  o t h e r  
m e t a l s .  I n  e u t e c t i c  s o l i d i f i c a ~ i o n  ~ u n d ~ u i s  t38 s t a t e s  t h a t  o n l y  one phase  
a c t s  a s  t h e  n u c l e a t i n g  a g e n t  f o r  t h e  e u t e c t i c  s t r u c t u r e  on b o t h  s i d e s  o f  
t h e  e u t e c  t i c  compos i t ion .  
F i g u r e  3 i l l u s t r a t e s  t h e  s o l i d i f i c a t i o n  o f  h a l o s  as d e s c r i b e d  by 
28 
Davies ,  Hogan, 37 and S u n d q u i s t .  38 The pr imary phase ,  8 ,  n u c l e a t e s  and 
grows d e n d r i t i c a l l y  moving t h e  l i q u i d  composi t ion toward the  coupled zone .  
If t h e  secondary phase ,  a, is  d i f f i c u l t  t o  n u c l e a t e  due t o  i n s u f f i c i e n t  
undercoo l ing  o r  t o  t h e  B phase be ing  a  poor n u c l e a t i n g  a g e n t  t h e  l i q u i d  
composi t ion cou ld  move a c r o s s  t h e  coupled zone.  When t h e  l i q u i d  composi- 
t i o n  has  c r o s s e d  t h e  coupled zone and i s  h i g h l y  s u p e r s a t u r a t e d  w i t h  W 
t h i s  phase  w i l l  n u c l e a t e .  S i n c e  t h e  l i q u i d  composi t ion is i n  a  r e g i o n  
i n  which cu has the  g r e a t e r  s o l i d i f i c a t i o n  r a t e ,  a  h a l o  of  cu w i l l  s o l i d i f y  
around the  d e n d r i t e .  The l i q u i d  compos i t ion  w i l l  then move back toward 
t h e  coupled zone ag . s in .  S i n c e  t h e  B phase  is e a s y  t o  n u c l e a t e  t h e  e u t e c -  
t i c  s t r u c t u r e  can s t a r t  s o l i d i f y i n g  w i t h  t h e  a l a m e l l a  con t inuous  w i t h  
t h e  h a l o  and t h e  B phase n u c l e a t i n g  on t h e  h a l o .  F u r t h e r  s o l i d i f i c a t i o n  
produces o n l y  the  e u t e c  t i c  s t r u c t u r e .  
With t h e  skewed coupled r e g i o n ,  i f  t h e  m e l t  has  t h e  e u t e c t i c  compos- 
i t i o n  o r  i s  r i c h e r  :in Q', B d e n d r i t e s  and 0 h a l o s  cou ld  s t i l l  form i f  t h e  
B phase  i s  much e a s i e r  t o  n u c l e a t e .  The m e l t  must be supercoo led  below 
t h e  e u t e c t i c  t empera tu re  w i t h o u t  t h e  n u c l e a t i o n  of t h e  a phase .  The 
phase then might n u c l e a t e  f i r s t  and grow a  d e n d r i t e  even though t h e  a 
phase  shou ld  be t h e  p r imary  phase  i f  e q u i l i b r i u m  c o n d i t i o n s  were  met.  
Th i s  e n r i c h e s  t h e  l l q u i d  i n  a and a t  some l a r g e  d e g r e e  of  s u p e r s a t u r a t i o n  
t h e  cr phase n u c l e a t c ! ~ .  The s o l i d i f i c a t i o n  o f  t h e  cr phase a s  a  h a l o  then  
moves t h e  l i q u i d  c o n ~ p o s i t i o n  back toward t h e  coupled r e g i o n .  
E x p l a n a t i o n s  o f  anomalous e u t e c t i c  s t r u c t u r e s  e s p e c i a l l y  i n  t h e  
A1-Si system31 a r e  ttased on t h e  skewed coup led  zone.  12 '29 The s o l i d i f i c a -  
t i o n  s t e p s  can t ake  many p o s s i b l e  p a t h s  depending on t h e  p r e c i s e  d i f f e r -  
ences  i n  s o l i d i f  i c a t  i o n  r a t e s  and n u c l e a t i o n  p r o p e r t i e s .  G e n e r a l l y  t h e  
s o l i d i f i c a t i o n  i s  s i m i l a r  t o  t h e  l a s t  c a s e  d e s c r i b e d  above b u t  r e p e a t e d  
n u c l e a t i o n  o f  bo th  phases  and l a r g e  d i f f e r e n c e s  i n  s o l i d i f i c a t i o n  r a t e s  
p r e v e n t s  t h e  l i q u i d  composi t ion from r e a c h i n g  t h e  coupled r e g i o n ,  and a n  
anomalous s t r u c t u r e  i s  produced i n  which t h e  phases  do n o t  s o l i d i f y  s imul -  
t a n e o u s l y  n o r  a r e  t h e  phases  c o n t i n u o u s .  
The coupled zone t h e o r y  s u c c e s s f u l l y  e x p l a i n s  t h e  s o l i d i f i c a t i o n  
o f  a normal e u t e c t i c  s t r u c t u r e .  The s o l i d i f i c a t i o n  o f  e u t e c  t i c  s t r u c t u r e s  
from mel t s  no t  of  t h e  e u t e c t i - c  c:omposition and t h e  fo rmat ion  of  h a l o s  
around primary d e n d r i t e s  can be e x p l a i n e d  by t h e  t h e o r y .  The coupled 
zone theory  g i v e s  a good q u a l i t a t i v e  u n d e r s t a n d i n g  o f  t h e  s o l i d i f i c a t i o n  
p rocess  invo lved  i n  t h e  growth o f  compos i t e s .  
1.nduc t i o n  Heat i n q  -- 
A modi f i ed  f l o a t i n g - z o n e  t e c h n i q u e  has  been used  f o r  m e l t i n g  and 
c o n t r o l l e d  s o l i d i f i ~ : a  t i o n  of  r e f r a c t o r y  o x i d e s  and oxide-metal  compos- 
i t e s .  13'14240-42 
This  t e c h n i q u e  employs r a d i o  f requency ( r f )  i n d u c t i o n  
h e a t i n g  i n  t h e  range  4  t o  30 megaher tz .  Oxide p e l l e t s  a r e  p r e h e a t e d  t o  
a n  e l e v a t e d  t empera ru re  a t  which they have s u f f i c i e n t  e l e c t r i c a l  conduc- 
t i v i t y  t o  s u p p o r t  eddy c u r r e n t  h e a t i n g .  The i n p u t  power is balanced 
a g a i n s t  t h e  h i g h  r a d i a n t  h e a t  l o s s  from t h e  p e l l e t  s u r f a c e  a t  a  l e v e l  
s u f f i c i e n t  t o  m e l t  t h e  i n t e r i o r  o f  t h e  p e l l e t .  I f  t h e  p e l l e t  m a t e r i a l  
h a s  a  h i g h  enough m e l t i n g  p o i n t  t o  a l l o w  a  l a r g e  r a d i a n t  h e a t  l o s s  and a 
low thermal  conduct j .v i ty ,  t h e  i n t e r i o r  can be mol ten  w h i l e  t h e  s u r f a c e  r e -  
mains unmelted.  Th i s  unmelted s k i n  t h e n  a c t s  a s  a  c r u c i b l e  e l i m i n a t i n g  a  
s o u r c e  of contaminat: ion.  For  growing c r y s t a l s  o r  composi tes  , t h e  induc-  
t i o n  h e a t i n g  method has  t h e  f o l l o w i n g  advan tages  : 
1 .  Heat is  g e n e r a t e d  w i t h i n  the  sample .  
2 .  There i s  no c o n t a c t  r e q u i r e d  between t h e  sample and e x t e r n a l  
conta inment  p i e c e s .  
3 .  Very h i g h  t empera tu res  can be reached i n  a  s h o r t  p e r i o d  o f  
t ime . 
4 .  The heatzing can  be r e s t r i c t e d  t o  l o c a l i z e d  a r e a s .  
5 .  C o n t r o l  o f  t h e  a tmosphere  i s  s imple .  
I n d u c t i o n  h e a t i n g  depends on t h e  eddy c u r r e n t s  e s t a b l i s h e d  i n  t h e  
work p i e c e .  The cu . r ren t  d i s t r i l > u t i o n  o f  t h e s e  eddy c u r r e n t s  d e c r e a s e s  
e x p o n e n t i a l l y  from t h e  s u r f a c e  t o  t h e  i n t e r i o r  of  a  c y l i n d r i c a l  work 
p i e c e .  Th i s  is known a s  t h e  s k i n  e f f e c t  i n  i n d u c t i o n  h e a t i n g .  A "sk in  
depth"  is  d e f i n e d  a s  t h e  d e p t h  below t h e  s u r f a c e  a t  which t h e  c u r r e n t  
d e n s i t y  h a s  been reduced t o  l / e  o r  a b o u t  37  p e r c e n t  o f  t h e  s u r f a c e  c u r r e n t  
d e n s i t y  .43  The r a t i o  o f  t h e  r a d i u s  of  t h e  work p i e c e  t o  t h e  s k i n  d e p t h  
must exceed f o u r  o r  f i v e  t o  a c h i e v e  s u f f i c i e n t  e f f i c i e n c y  i n  h e a t i n g  t h e  
44 
p i e c e .  Gayet g i v e s  a n  e q u a t i o n ,  
f o r  the  s k i n  d e p t h ,  D ,  i n  c e n t i m e t e r s  where f ,  t h e  f requency  i n  h e r t z ,  
- 1 
a n d a ,  the  e l e c t r i c a l  c o n d u c t i v i t y  i n  (ohm-centimeters)  . Any i n c r e a s e  
i n  f requency  o r  c o n t l u c t i v i t y  d e c r e a s e s  t h e  s k i n  d e p t h  and i n c r e a s e s  t h e  
h e a t i n g  e f f i c i e n c y .  Gayet c a l c u l a t e d  f o r  a  3 .5  cm d i a m e t e r  UO p e l l e t  
2 
t h e  f requency  would have t o  be a b o u t  10'' h e r t z  t o  have e f f i c i e n t  h e a t i n g  
a t  room tempera tu re .  H e  t h e n  c a l c u l a t e d  t h a t  u s i n g  a  f i v e  megahertz 
0 
frequency and p r e h e a t i n g  t h e  UO t o  1300 C  t o  i n c r e a s e  t h e  c o n d u c t i v i t y ,  
2 
t h e  e f f i c i e n c y  woul<l be s u f f i c i e n t  t o  m e l t  t h e  o x i d e .  S i n c e  f r e q u e n c i e s  
above abou t  30 megahertz a r e  d i f f i c u l t  t o  c o n t a i n  w i t h o u t  a r c i n g  problems,  
t h e  o x i d e ' s  c o n d u c t i v i t y  must be i n c r e a s e d  by p r e h e a t i n g .  
S t a b i l i z a t i o n  o f  Z i r c o n i a  -- 
Pure  ZrO undergoes  a  r e v e r s i b l e  polymorphic phase t r a n s f o r m a t i o n  2 
a t  abou t  1 0 0 0 ~ ~ .  Th i s  phase  t r a n s f o r m a t i o n  is accompanied by a  l a r g e  d i s -  
c o n t i n u i t y  i n  t h e  thermal  expans ion  which c a u s e s  s e v e r e  c r a c k i n g  o r  de-  
s t r u c t i o n  o f  any p i e c e  made from pure  ZrO To overcome t h i s  problem, 
2 ' 
Z r 0 2  i s  r e a c t e d  w i t h  o t h e r  o x i d e s  t o  s t a b i l i z e  t h e  r e s u l t i n g  s o l i d  s o l u -  
t i o n  i n  a  c r y s t a l  s t r u c t u r e  which does  n o t  undergo any  d i s r u p t i v e  phase  
change.  
0 
From room tempera tu re  up t o  abou t  1000 C pure  Z r O  i s  monoc l in ic .  
2  
The e x a c t  t r a n s f o r m a t  i o n  t empera tu re  is  n o t  known, but  above abou t  1 0 0 0 ~ ~  
t h e  t e t r a g o n a l  c r y s t a l  s t r u c t u r e  i s  s t a b l e .  Both o f  t h e s e  c r y s t a l l i n e  
forms a r e  s l i g h t l y  d i s t o r t e d  c u b i c  s t r u c t u r e s  o f  t h e  CaF type .  Smith  
2  
and have v e r i f i e d  t h e  e x i s t e n c e  o f  a  f a c e  c e n t e r e d  c u b i c  form 
s t a b l e  above 2285O t 15OC. The c r y s t a l  s t r u c t u r e  o f  Zr02 c a n  be  changed 
by a d d i t i o n s  of  o x i d e s  such  a s  MgO, CaO, MnO, TiO, and Y 0 This  r e s u l t s  
2 3 '  
i n  a  c u b i c  s o l i d  s o l u t i o n  which i s  s t a b l e  throughout  t h e  t empera tu re  
range .  
4 6 
Roth l i s t s  a  g e n e r a l  s e t  of  r u l e s  f o r  r e a c t i o n s  o f  ZrO w i t h  
2  
o t h e r  b i n a r y  o x i d e s .  R e a c t i o n s  o f  ZrO w i t h  o x i d e s  c o n t a i n i n g  s m a l l e r  
2  
d i v a l e n t  i o n s  such  a s  w i t h  M g O ,  CaO, MnO, and TiO, r e s u l t  i n  t h e  
s t a b i l i z e d  cub ic  s c . l i d  solut ion: ; .  Excep t ions  t o  t h i s  a r e  Re0 and ZnO. 
Oxides c o n t a i n i n g  l a r g e r  d i v a l e n t  i o n s  form 1:l p e r o v s k i t e  type  compounds. 
The ~ a + ~  i o n  i s  i n t e r m e d i a t e  i n  s i z e  and forms a  s o l i d  s o l u t i o n  i n  s m a l l  
amounts b u t  forms a compound i n  e q u a l  molar  m i x t u r e s .  Reac t ions  w i t h  
o x i d e s  o f  s m a l l e r  t r i v a l e n t  ion:; such a s  w i t h  Y 0 and I n  0 form c u b i c  
2 3  2  3 
4-3 
s o l i d  s o l u t i o n s .  The s m a l l e s t  t r i v a l e n t  i o n  A 1  is  a n  e x c e p t i o n .  L a r g e r  
t r i v a l e n t  i o n s  i n  1.a 0 and Nd 0 r e s u l t  i n  A B 0 type  compounds a l o n g  
2  3 2  3 2 2 7  
w i t h  s o l i d  s o l u t i o r ~ s .  Smal le r  t e t r a v a l e n t  i o n s  such  a s  i n  SiO and T i0  
2 2 
r e s u l t  i n  1:l compcrunds, b u t  l a r g e r  t e t r a v a l e n t  ions  such  a s  i n  UO and 
2 
CeO r e s u l t  i n  t e t t - agona l  s o l i d  s o l u t i o n s .  
2 
A p r e v i o u s  used CaO t o  s t a b i l i z e  Z r O  f o r  u n i -  
2  2  
d i r e c t i o n a l  s o l i d i f i c a t i o n  w i t h  W .  The c e n t r a l  a r e a  o f  t h e  p e l l e t s  con- 
t a i n e d  d e n d r i t e s  oli Z r O  and v o i d s  c o n t a i n i n g  Caw0 and W .  The fo rmat ion  
2  3  
o f  t h e  CaW03 compl ica ted  t h e  s o l i d i f i c a t i o n  p r o c e s s  and may have l e d  t o  
t h e  d e n d r i t i c  growth.  A s u r v e y  o f  t h e  o t h e r  s t a b i l i z i n g  o x i d e s  r e v e a l e d  
t h a t  y t t r i a ,  Y203,  does  n o t  form compounds w i t h  W n o r  ZrO On t h i s  
2 ' 
b a s i s ,  y t t r i a  was chosen a s  t h e  s t a b i l i z i n g  o x i d e  t o  use  w i t h  ZrO i n  
2 
t h i s  i n v e s t i g a t i o n , ,  
Duwez e t  a 1  4 7  s t u d i e d  t h e  phase  r e l a t i o n s h i p s  i n  t h e  ZrO -Y 0 
2  2 3  
system. They found i n  t h e  r a n g e  o f  z e r o  t o  f i v e  mole p e r c e n t  Y 0 t h a t  
2  3 
t h e  t empera tu re  f o r  t h e  t e t r a g o n a l  t o  monoc l in ic  t r a n s f o r m a t i o n  i s  lowered 
from 1 0 0 0 ~ ~  t o  abou t  4 0 0 ' ~ .  I n  t h e  range 7 t o  55 mole p e r c e n t  Y 0 a  
2  3 '  
0 
c u b i c  s o l i d  s o l u t i o n  was found s t a b l e  a t  2000 C. A t  1 3 7 5 ~ ~  t h e y  found 
t h i s  c u b i c  s o l i d  s o l u t i o n  r e g i o n  s h i f t e d  o n l y  s l i g h t l y  t o  lower  Y 0 
2  3 
compos i t ions .  They p r e s e n t e d  a phase  diagram of  t h e  sys tem showing t h e  
c u b i c  s o l i d  s o l u t i o n  r e g i o n  e x t e n d i n g  from room tempera tu re  t o  t h e  m e l t i n g  
p o i n t  over  t h e  composi t ion range  a t  room tempera tu re  o f  7 t o  45 mole p e r -  
c e n t  Y203. S o l i d i f i c a t i o n  of  o x i d e  m i x t u r e s  i n  t h i s  r ange  would a v o i d  
t h e  d i s r u p t i v e  phase  t ransformat . ion s e e n  i n  pure  ZrO 
2  ' 
C a r n i g l i a  e t  a1.48 r e p o r t  ZrO is  s l i g h t l y  n o n - s t o i c h i o m e t r i c  a t  
2 
0 
tempera tu res  above 1000 C.  A t  h i g h  t empera tu res  and oxygen p r e s s u r e s  
below one a tmosphere  t h e  Z r O  i s  oxygen d e f i c i e n t  and b lack  i n  c o l o r .  
2-x 
The d a r k  c o l o r  i s  due  t o  f r e e  e l e c t r o n s  i n  t h e  oxygen v a c a n c i e s .  S t o i -  
c h i o m e t r i c  ZrO is  w h i t e  i n  p o l y c r y s t a l l i n e  form o r  c l e a r  a s  s i n g l e  c r y s -  
2  
t a l s .  C a r n i g l i a  r e p o r t e d  t h e  ZrO -Zr phase  boundary was l o c a t e d  a t  
2-x - 6 
'*1.986 a t  1 8 0 0 ~ ~  and a n  oxygen p r e s s u r e  o f  3 .5  x 1 0  a tmospheres .  
CHAPTER I11 
E:QUI PMENT 
The equipment  used  f o r  p r o d u c i n g  s t a b i l i z e d  Z r O  -W c o m p o s i t e s  
2 
c o n s i s t e d  o f  a L e p e l  h i g h  f r e q u e n c y  i n d u c t i o n  h e a t i n g  u n i t  and t h e  a s s o -  
c i a t e d  a p p a r a t u s  f o r  c o n t r o l .  of! t h e  u n i d i r e c t i o n a l  s o l i d i f i c a t i o n .  S i n c e  
t h i s  equipment  i s  v i t a l  i n  t h e  p r o d u c t i o n  o f  t h e  c o m p o s i t e s  i t  w i l l  be 
d e s c r i b e d  i n  d e t a i l .  O t h e r  equipment  used  f o r  p e l l e t  p r e p a r a t i o n  and 
e x a m i n a t i o n  o f  t h e  c o m p o s i t e s  i.s less i m p o r t a n t  and w i l l  n o t  be d i s c u s s e d  
i n  t h i s  c h a p t e r .  
I n d u c t i o n  H e a t i n g  U n i t  
A L e p e l  h i g h  f r e q u e n c y  g e n e r a t o r ,  model number T-10-3-DF1-E-HW, 
t y p e  T-1003-58, serial  number 7023 was u s e d  t o  s u p p l y  power f o r  t h e  i n -  
d u c t i o n  h e a t i n g .  T h i s  g e n e r a t o r  i s  t h e  vacuum t u b e  o s c i l l a t o r  t y p e ,  
r a t e d  a t  10 k i l o w a t t  o u t p u t ,  c a p a b l e  o f  o p e r a t i n g  i n  t h e  f r e q u e n c y  r a n g e s  
o f  2 . 5  t o  8  megahe r t z  and 1.5 t o  35 m e g a h e r t z .  The p r o p e r  s e l e c t i o n  o f  
c o i l s  and  c a p a c i t o r s  t h a t  can  h e  i n t e r c h a n g e d  w i t h i n  t h e  u n i t  d e t e r m i n e s  
t h e  f r e q u e n c y  o f  c p e r a t i o n .  A v a r i a b l e  g r i d  c o i l  c a p a b l e  o f  a d j u s t m e n t  
d u r i n g  o p e r a t i o n  made p o s s i b l e  a f i n e  t u n i n g  o f  t h e  u n i t  t o  match t h e  
work l o a d  b e i n g  he . a t ed .  Meter:; on t h e  g e n e r a t o r ' s  c o n t r o l  p a n e l  showed 
t h e  f i l a m e n t  v o l  ta.ge , g r i d  c u r r e n t ,  p l a t e  c u r r e n t ,  p l a t e  v o l t a g e ,  and  
c o n t r o l  c u r r e n t .  The p l a t e  c u r r e n t  and v o l t a g e  were u s e d  t o  r e c o r d  and 
c o n t r o l  t h e  power s e t t i n g s  u s e d .  
The work load c o n s i s t e d  of a  load c o i l  and t h e  m a t e r i a l  t o  be 
h e a t e d .  The load c o i l  was c o n s t r u c t e d  from " f l a t "  copper  t u b i n g  o f  r e c -  
t a n g u l a r  c r o s s  s e c t i o n  1/8 i n c h  by 1/4 i n c h .  The c o i l  was a  6 and 1/2  
t u r n  h e l i x  w i t h  a  1- and 3 / 4  i n c h  i n s i d e  d i a m e t e r  and 2  and 1 / 2  i n c h e s  
long.  Connect ions  i n  t h e  g e n e r a t o r  s u p p l i e d  c o o l i n g  w a t e r  which c i r c u -  
l a t e d  through t h e  c o i  1. 
U n i d i r e c t i o n a l  S o l i d i f i c a t i o n  Apparatus  - 
The f a c i l i t i - e s  i n  a d d i t i o n  t o  t h e  Lepel  g e n e r a t o r  f o r  o x i d e  metal 
composi te  growth were developed as p a r t  o f  t h i s  i n v e s t i g a t i o n  and o t h e r  
r e s e a r c h  be ing  done concern ing  composi te  growth.  The growth f a c i l i t y  
shown i n  F i g u r e  4  was mounted on a  t a b l e  t h a t  c o u l d  be manual ly  r a i s e d  o r  
lowered by means 0:: a c rank .  Mounted below t h e  t a b l e  were  an  h y d r a u l i c  
c y l i n d e r  f o r  sample movement and a  vacuum pump. On t h e  s i d e  o f  t h e  t a b l e  
were t h e  c o n t r o l s  f o r  t h e  h y d r a u l i c  sys tem and a tmosphere .  
F i g u r e  5 shows a  schemat ic  diagram o f  t h e  growth f a c i l i t i e s  mounted 
on t h e  t a b l e .  A b r a s s  s u p p o r t  h e l d  a s i l i c a  tube  f o r  c o n t a i n i n g  t h e  a t -  
mosphere. A ceramic  s u p p o r t  h e l d  t h e  molybdenum p r e h e a t e r  t u b e .  A s t e e l  
s h a f t  extended frorn t h e  h y d r a u l i c  c y l i n d e r  up th rough  t h e  t a b l e ,  t h e  
b r a s s  s u p p o r t ,  and t h e  p r e h e a t e r  tube .  On t h e  end o f  t h e  steel s h a f t  
was an  a lumina tube  used t o  s u p p o r t  t h e  sample.  Movement o f  t h e  t a b l e  
r a i s e d  o r  lowered t h e  s i l i c a  t u b e  and p r e h e a t e r  t u b e  independen t  o f  t h e  
s t e e l  s h a f t  and sample.  Movement o f  t h e  sample  was accomplished by t h e  
h y d r a u l i c  c y l i n d e r .  A sys tem o f  n e e d l e  and s h u t  o f f  v a l v e s  c o n t r o l l e d  
t h e  f low o f  t h e  h y d r a u l i c  f l u i d  s o  t h a t  t h e  sample c o u l d  be e i t h e r  r a i s e d  
o r  lowered.  C o n t r ~ l l e d  r a t e s  i n  t h e  range  from n e a r  z e r o  up t o  abou t  
Figure 4. The Induction Heating Facilities Used 
for Unidirectional Solidification of 
Composites. A Hot Sample Is Just Above 
the Molybdenum Tube in the Induction 
Coil. 
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Figure  5. Diag-am o f  t h e  I n d u c t i o n  Heat ing F a c i l i t i e s  
Showing t h e  P o s i t i o n  o f  t h e  Molybdenum 
Hea te r  When 13eing Used A s  a Slow Cooling 
Post--He.ater.  The Sample P e l l e t  Would Be 
Slowly Lowered i n t o  t h e  Molybdenum Tube. 
twenty centimeters per hour could be achieved. 
Control of the atmosphere was accomplished by the use of a vacuum 
pump, nitrogen and hydrogen tanks, flow meters, and bubble bottles. The 
vacuum pump was used to pump down the system to about 50 millitorr and to 
check for major leaks. The gases to be used passed through flow meters, 
were mixed, and entered the silica tube through the brass base. After 
exiting the silica tube at the top, the gas passed through a filter to 
trap airborne solicls which would foil the vacuum shut off valve. The 
gas finally went tkrough bubble bottles which prevented back streaming 
of any air into the system. 
CHAPTER I V  
PROCEDURE 
T h i s  s e c t i o n  w i l l  e x p l a i n  i n  d e t a i l  t h e  g e n e r a l  p rocedures  used 
f o r  producing s t a b i l i z e d  Z r O  -W composi tes .  S i n c e  t h e  i n v e s t i g a t i o n  i n -  
2 
volved  s t u d y i n g  t h o  f a c t o r s  tha.t i n f l u e n c e d  t h e  growth o f  t h e s e  compos i t e s  
many o f  t h e  p rocedures  were n e c e s s a r i l y  v a r i e d  a c c o r d i n g  t o  t h e  o b j e c t i v e s  
o f  t h e  exper iment .  Consequent ly ,  o n l y  t h e  g e n e r a l  p rocedure  t h a t  even- 
t u a l l y  evolved a s  g i v i n g  the  b e s t  r e s u l t s  i s  d e s c r i b e d .  D e t a i l s  o f  pro-  
c e d u r a l  v a r i a t i o n s  and t h e  e f f e c t s  o f  v a r i o u s  changes  a r e  g iven  i n  t h e  
r e s u l t s  s e c t i o n .  
P e l l e t  P r e p a r a t i o n  
The p r e p a r a t i o n  of  sample p e l l e t s  f o r  i n t e r n a l  m e l t i n g  and u n i d i -  
r e c t i o n a l  s o l i d i f i c a t i o n  was c a r r i e d  o u t  i n  t h r e e  s t e p s :  (1) t h e  wet 
mixing of  t h e  Zr02 and t h e  Y203 s t a b i l i z e r  i n  b a t c h e s  o f  s e v e r a l  hundred 
grams, (2) t h e  d r y  mixing o f  t h e  t u n g s t e n  and o x i d e  power m i x t u r e  f o r  
each s e p a r a t e  p e l l e t ,  and (3) t'ne p r e s s i n g  o f  t h e  powder m i x t u r e  t o  form 
a  p e l l e t .  
Sources  f o r  t h e  m a t e r i a l s  used were a s  f o l l o w s :  Z i r c o n i a  powder, 
A-HC, minus 325 mesh, from t h e  Zirconium Corpora t ion  o f  America, So lon ,  
Ohio.  Y t t r i a  powder, code 1116, from Kerr  McGee, West Chicago,  I l l i n o i s .  
The t u n g s t e n  powder was o b t a i n e d  from two s o u r c e s ,  Fairmount Chemical  
C o r p o r a t i o n  and F i s h e r  S c i e n t i f i c ,  p u r i f i e d  t -363.  
The wet mixing o f  t h e  o x i d e s  was done i n  b a t c h e s  t y p i c a l l y  o f  600 
:<rams. The c a l c u l a t e d  amounts  o f  e a c h  o x i d e  were  weighed on an a n a l y t i c a l  
b a l a n c e  and p l a c e d  i n  an e l e c t r i c  b l e n d e r .  Enough d i s t i l l e d  w a t e r  was 
added  t o  make a f l u i d  m i x t u r e  and  t h e n  i t  was mixed f o r  f i v e  m i n u t e s .  
The m i x t u r e  was t h e n  d r i e d  o v e r n i g h t ,  c r u s h e d  i n  a  m o r t a r  and p e s t l e ,  and  
t h e n  p a s s e d  t h r o u g h  a  60 mesh s c r e e n .  
F o r  e a c h  i n d i v i d u a l  s ample  p e l l e t  t h e  amount o f  t u n g s t e n  t o  be 
added t o  t h e  o x i d e  m i x t u r e  was c a l c u l a t e d  and weighed  on a n  a n a l y t i c a l  
b a l a n c e .  The o x i d c  and t u n g s t e n  powders were t h e n  p l a c e d  i n  a g l a s s  jar 
and  shaken  v i g o r o u s l y  f o r  f i v e  m i n u t e s .  
To form a p e l l e t  t h e  o x i d e - t u n g s t e n  powder m i x t u r e  was d r y  p r e s s e d  
a t  23 ,000  p s i  i n  a 3/4 i n c h  d i a m e t e r  steel d i e  u s i n g  a n  h y d r a u l i c  p r e s s .  
T h i s  produced  a p e l l e t  314 o f  a n  i n c h  i n  d i a m e t e r ,  t y p i c a l l y  112  i n c h  
l o n g ,  and w e i g h i n g  50 grams.  
U n i d i r e c t i o n a l  S o l i d i f i c a t i o n  
The p r o c e s s  o f  p r o d u c i n g  a u n i d i r e c t i o n a l l y  s o l i d i f i e d  c o m p o s i t e  
f rom t h e  o x i d e - t u n g s t e n  p e l l e t s  c o n s i s t e d  o f  a p r e h e a t  p e r i o d ,  c o u p l i n g  
d i r e c t l y  t o  t h e  p e l l e t ,  e s t a b l i s h i n g  a s t a b l e  m o l t e n  z o n e ,  u n i d i r e c t i o n a l  
s o l i d i f i c a t i o n ,  and  a  c o o l i n g  p e r i o d .  C o n t r o l  o f  t e m p e r a t u r e  i n  t h i s  
p r o c e s s  was c r i t i c a l  b u t  t h e  r e a d i n g  o f  a c c u r a t e  t e m p e r a t u r e s  u s i n g  a n  
o p t i c a l  py rome te r  was p r e v e n t e d  by v a p o r  d e p o s i t e s  fo rming  on t h e  s i l i c a  
t u b e .  A l l  temperat :ures  g i v e n  a r e  a s  r e a d  s u r f a c e  t e m p e r a t u r e s ,  u n c o r -  
r e c t e d  f o r  e m i s s i v i t y  and  a b s o r p t i o n .  C o n t r o l  o f  t h e  p r o c e s s  was a c h i e v e d  
by c a r e f u l  c o n t r o l  o f  t h e  power s e t t i n g s  o f  t h e  L e p e l  g e n e r a t o r .  The 
n e c e s s a r y  power s e t t i n g s  v a r i e d  w i t h  t h e  s ample  c o m p o s i t i o n ,  a t m o s p h e r e ,  
and  p o s i t i o n  o f  t h e  p e l l e t  i n  t h e  c o i l .  T h e s e  power s e t t i n g s  are r e p o r t e d  
i n  t h e  r e s u l t s  s e c t i o n .  T y p i c a l  t empera tu res  w i l l  be r e p o r t e d  h e r e  i n  
t h e  procedure  f o r  c l a r i t y .  
The set up and p r e h e a t  p rocedure  was a s  f o l l o w s :  t h e  sample p e l l e t  
was p laced  on t h e  111 0 s u p p o r t  tube  a s  shown i n  F i g u r e  5. C a r e f u l  ad-  
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jus tments  were made t o  be s u r e  t h e  p e l l e t ,  molybdenum p r e h e a t  t u b e ,  s i l -  
i c a  t u b e ,  and i n d u c t i o n  c o i l  were a l l  c o n c e n t r i c .  The sys tem was pumped 
down t o  about  50 m i l l i t o r r  p r e s s u r e  and then  f i l l e d  w i t h  t h e  g a s  t o  be 
used a s  an atmosphere.  N i t r o g e n ,  hydrogen,  o r  m i x t u r e s  o f  t h e  two g a s e s  
were used a s  a  dynamic atmosphere f lowing  a t  abou t  500 c c  p e r  minute .  
With t h e  p r e h e a t e r  tube  r a i s e d  around t h e  sample ,  t h e  t empera tu re  was 
then s l o w l y  i n c r e a s e d  t o  abou t  1 6 0 0 ~ ~ .  
A f t e r  t h e  d e s i r e d  p r e h e a t  t empera tu re  was reached t h e  sample p e l l e t  
was then coupled t o  w i t h  t h e  r f  f i e l d  t o  a l l o w  a d d i t i o n a l  i n d u c t i o n  h e a t -  
i n g .  T h i s  was accomplished by t u r n i n g  t h e  power t o  a  minimum, q u i c k l y  
lower ing  t h e  p r e h e a t  t u b e  w e l l  o u t  o f  t h e  i n d u c t i o n  c o i l ,  and t u r n i n g  t h e  
power t o  a  maximum. The sample p e l l e t  was then exposed t o  t h e  r f  f i e l d  
and eddy c u r r e n t s  e s t a b l i s h e d  which caused a d d i t i o n a l  h e a t i n g .  A f t e r  10  
t o  30 seconds  t h e  i n t e r i o r  of  t h e  p e l l e t  m e l t e d ,  c a u s i n g  a  change i n  t h e  
l o a d  seen by t h e  Lepel  g e n e r a t o r .  T h i s  caused a  sudden simultaneous de-  
c r e a s e  i n  t h e  p l a t e  v o l t a g e  and an i n c r e a s e  i n  t h e  p l a t e  c u r r e n t .  A t  
t h i s  p o i n t  t h e  power was q u i c k l y  c u t  back t o  p r e v e n t  t h e  mol ten  i n t e r i o r  
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from m e l t i n g  through t h e  o u t e r  s k i n  which was a t  abou t  1850 C.  A d j u s t -  
ments were made on t h e  g e n e r a t o r ' s  g r i d  c u r r e n t  and p l a t e  c u r r e n t  t o  
b r i n g  them t o  t h e  d e s i r e d  s e t t i n g s  and t h e  p e l l e t  was a l lowed t o  e q u i l i -  
b r a t e  f o r  f i v e  m i n ~ . t e s  b e f o r e  proceeding.  
Unid i rec t i c .na1  s o l i d i f j c a t i o n  was ach ieved  by lower ing  t h e  p e l l e t  
through t h e  i n d u c t i o n  c o i l .  V a r i a t i o n s  i n  t h e  lower ing r a t e  were examined 
a s  one o f  t h e  f a c t o r s  e f f e c t i n g  composi te  growth.  When exper iments  were 
n o t  concerned w i t h  t h e  lower ing  r a t e ,  a  r a t e  o f  approx imate ly  two c e n t i -  
meters p e r  hour  was used.  A f t e r  t h e  h o t  mol ten  zone had t r a v e l e d  t o  t h e  
t o p  o f  t h e  p e l l e t ,  a d d i t i o n a l  l-owering caused t h e  p e l l e t  t o  decouple  from 
t h e  r f  f i e l d .  T h i s  caused a sudden c o o l i n g  o f  t h e  p e l l e t  when t h e  molyb- 
denum tube  w a s  n o t  b e i n g  used a s  a  p o s t h e a t e r  f o r  s low c o o l i n g .  
I f  a  s low c o o l i n g  o f  t h e  sample a f t e r  s o l i d i f i c a t i o n  was d e s i r e d ,  
t h e  molybdenum t u b e  w a s  then  r a i s e d  i n t o  t h e  lower t u r n s  o f  t h e  i n d u c t i o n  
c o i l ,  as shown i n  F i g u r e  5. T h i s  caused t h e  upper p o r t i o n  o f  t h e  tube  t o  
be a b o u t  1 5 0 0 ~ ~  and kep t  t h e  sample h o t  a s  i t  was lowered o u t  o f  t h e  i n -  
d u c t i o n  c o i l .  A d d i t i o n a l  a d j u s t m e n t s  were made t o  t h e  Lepel  g e n e r a t o r ' s  
g r i d  and p l a t e  cur : rents  and a n o t h e r  f i v e  minu tes  was a l lowed  f o r  t h e  s y s -  
tem t o  e q u i l i b r a t e  ,, 
Sample Examination 
Sample examina t ion  was m z ~ s t l y  done by m e t a l l o g r a p h i c  t echn iques .  
P e l l e t s  were usua1l.y c u t  i n  h a l f  p a r a l l e l  t o  t h e  lower ing  d i r e c t i o n  u s i n g  
a  diamond saw. The samples were ground f l a t  u s i n g  S i c  a b r a s i v e  p a p e r s  
(180,  320, and 600 g r i t )  and then p o l i s h e d  on a  nylon covered wheel w i t h  
one micron diamond p a s t e .  A R e i c h e r t  MeF m e t a l l o g r a p h  equipped f o r  d a r k  
f i e l d  a s  w e l l  a s  ncrmal b r i g h t  f i e l d  v iewing  was used f o r  t a k i n g  photo-  
micrographs .  I n  d a r k  f i e l d  v iewing t h e  f i b e r s  s l i g h t l y  beneath  t h e  s u r -  
f a c e  were v i s i b l e  w h i l e  b r i g h t  f i e l d  v iewing  showed o n l y  t h e  s u r f a c e  
f e a t u r e s .  
Scann ing  e l e c t r o n  m i c r o s c o p e  (SEM) e x a m i n a t i o n  was u s e d  f o r  d e t e r -  
min ing  f i b e r  d i a m e t e r s  and d e n s i t i e s .  Thin  s l i c e s  o f  t h e  c o m p o s i t e  were 
c u t  normal  t o  t h e  f i b e r s ,  p o l i s h e d  a s  above ,  and t h e n  e t c h e d  i n  b o i l i n g  
p h o s p h o r i c  a c i d  f o r  14  h o u r s  b e f o r e  e x a m i n a t i o n  i n  t h e  s c a n n i n g  e l e c t r o n  
mic roscope .  SEM p l o t s  were  t h e n  u s e d  t o  d e t e r m i n e  d i a m e t e r s  and  c o u n t  
t h e  d e n s i t y  o f  t h e  f i b e r s .  
CHAPTER V 
RESULTS 
The major a r e a s  i n v e s t i g a t e d  c o n t r o l l i n g  t h e  growth o f  Y 0 
2 3 
s t a b i l i z e d  Z r O  -W composi tes  were t h e  i n f l u e n c e  of  f requency upon e s t a b -  
2 
l i s h i n g  a  s t a b l e  molten zone,  t h e  d e t e r m i n a t i o n  o f  t h e  composi t ion g i v i n g  
t h e  b e s t  composi te  growth,  t h e  i n f l u e n c e  o f  growth a tmosphere ,  and t h e  
e f f e c t  o f  t h e  growth rate on t h e  ox ide -meta l  composi te  s t r u c t u r e .  The 
r e s u l t s  w i l l  be r e p o r t e d  i n  s e p a r a t e  s e c t i o n s  f o r  each  t o p i c .  I n  t h e  
c a s e  of  composi t ion and atmosphere t h e r e  i s  some o v e r l a p p i n g  o f  t h e s e  
because  t h e  atmosphere e f f e c t s  t h e  composi t ion needed t o  produce optimum 
growth. Also ,  a  s e c t i o n  i s  i n c l u d e d  d e s c r i b i n g  t h e  v a r i o u s  d e t a i l s  o f  
t h e  composi te  produced.  
I n f l u e n c e  o f  Frequency -- 
The i n d u c t i o n  h e a t i n g  f requency i s  one o f  t h e  most  i m p o r t a n t  f a c t o r s  
i n  t h e  e s t a b l i s h m e n t  and c o n t r o l  o f  an i n t e r n a l  mol ten  zone. F r e q u e n c i e s  
o f  16 ,  7 .6 ,  and 3 .6  megaher tz  were used t o  e s t a b l i s h  s t a b l e  mol ten  zones .  
I n i t i a l l y  t h e  h i g h e s t  f r equency ,  16 megaher tz ,  was used because  i t  was 
known t h a t  d i r e c t  c o u p l i n g  and subsequen t  i n d u c t i o n  h e a t i n g  i n  t h e  s ta-  
b i l i z e d  Z r O  -W cou ld  be e s t a b l i s h e d  more r e a d i l y  a t  t h e  h i g h e r  f r e q u e n c i e s .  2 
Reduction of  t h e  f requency t o  7.6 and then 3.6 megaher tz  was done t o  r e -  
duce  a r c i n g  and i n c r e a s e  t h e  pe .2e t ra t ion  o f  t h e  r f  f i e l d  i n t o  t h e  p e l l e t .  
A f t e r  3 . 6  megaher tz  was found t o  be  s a t i s f a c t o r y ,  t h i s  f requency was used 
f o r  a l l  t h e  remaining exper iments .  
When u s i n g  16 megaher tz  t h e  ZrO -W samples  cou ld  e a s i l y  be induc-  
2  
t i o n  mel ted  bu t  co:2t rol  o f  t h e  mol ten  zone was d i f f i c u l t .  The sample 
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p e l l e t  was p rehea ted  t o  abou t  1600 C u s i n g  a  p l a t e  c u r r e n t  a t  0.80 amp 
and p l a t e  v o l t a g e  o f  7.1 k i l o v o l t s .  A f t e r  c o u p l i n g ,  power s e t t i n g s  o f  
1.10 amps and 3.7 k i l o v o l t s  produced a  s u r f a c e  t e m p e r a t u r e  o f  abou t  2 2 0 0 ~ ~ .  
I n  a l l  exper iments  u s i n g  16 megaher tz  t h e  mol ten  i n t e r i o r  me l ted  through 
t h e  t h i n  s o l i d  s k i n  s p i l l i n g  some o f  t h e  mol ten  m a t e r i a l .  I n  t h e  s o l i d i -  
f i e d  r e g i o n s  o f  t h e  samples t h e r e  were  a lways  many smal l  v o i d s .  Arc ing  
from t h e  i n d u c t i o n  c o i l  t o  t h e  s i l i c a  tube  and sample was a  major  prob- 
lem i n  many exper iments  i f  t h e  growth equipment and sample were n o t  l i n e d  
up p e r f e c t l y .  T h i s  f requency was abandoned due t o  t h e  s p i l l i n g  o f  t h e  
molten i n t e r i o r  and a r c i n g  problems. 
I n  an e f f o r t  t o  i n c r e a s e  s k i n  t h i c k n e s s  t h e  f requency  was lowered 
t o  7 .6  megaher tz .  The a r c i n g  problem was e l i m i n a t e d  a t  t h i s  f r equency  
b u t  t h e r e  was s t i l l  t h e  problem o f  p r e v e n t i n g  m e l t i n g  through t h e  s k i n .  
T h i s  f requency was abandoned t o  t r y  3.6 megaher tz  a f t e r  s e v e r a l  e x p e r i -  
ments f a i l e d  t o  e s t a b l i s h  c o n t r o l  o f  t h e  mol ten  zone. 
A t  3.6 megaher tz  t h e r e  were minimum a r c i n g  problems and c a r e f u l  
c o n t r o l  o f  t h e  power s e t t i n g s  p reven ted  s p i l l s .  T h i s  f requency was 
e s t a b l i s h e d  a s  t h e  f requency t o  u s e  i n  f u r t h e r  exper iments .  For a  Z r 0 2 -  
10 mole p e r c e n t  Y203-16 we igh t  p e r c e n t  W composi t ion mel ted  i n  a  N -H 2 2 
g a s  m i x t u r e ,  t h e  power s e t t i n g s  used were 0 .58 amp and 3.8 k i l o v o l t s .  
With h i g h e r  power s e t t i n g s  t h e  mol ten  m a t e r i a l  me l t ed  through t h e  s k i n .  
I f  t h e  power was s1 : igh t ly  lower t h e  s o l i d i f i e d  a r e a  c o n t a i n e d  many s m a l l  
v o i d s .  C o n t r o l  of  t h e  power s e t t i n g s  w i t h i n  v e r y  narrow l i m i t s  (which 
d i f f c r e t l  f o r  each compos i t ion)  was n e c e s s a r y  t o  p r e v e n t  s p i l l s  o f  mol ten  
n ~ a t c r i a l  o r  t h e  fo rmat ion  o f  v o i d s  i n  t h e  s o l i d i f i e d  composi te .  O t h e r  
than t h e  c l o s e  c o n t r o l  n e c e s s a r y ,  t h i s  f requency was s u i t a b l e  f o r  c o n t r o l  
o f  t h e  molten zone and c o n s e q u e n t l y ,  t h e  growth o f  good compos i t e  samples .  
1nfluenc:e o f  Atmosphere -- 
Atmospheres o f  n i t r o g e n  o r  hydrogen o r  m i x t u r e s  o f  t h e s e  g a s e s  
were used f o r  composi te  growth.  The n o b l e  g a s e s  were  n o t  used because  
t h e  h i g h  f requency f i e l d  caused gas  plasmas and r e s u l t e d  i.n a r c i n g  prob-  
lems. O x i d i z i n g  a tmospheres  cou ld  n o t  be used because  o f  t h e  o x i d a t i o n  
o f  t h e  tungs ten  o r  molybdenum tubes .  The t y p e  of a tmosphere  g r e a t l y  af-  
f e c t e d  t h e  optimum composi t ion used t o  produce t h e  compos i t e s .  These 
r e s u l t s  a r e  r e p o r t e d  i n  t h e  composi t ion s e c t i o n .  
When pure  n i t r o g e n  was used f o r  t h e  growth a tmosphere ,  t h e r e  w a s  
c o n s i d e r a b l e  vapor  d e p o s i t i o n  of a  b l a c k  o r  d a r k  brown material on t h e  
s i l i c a  t u b e .  T h i s  p reven ted  o b s e r v a t i o n  o f  t h e  sample and l e d  t o  s l i g h t  
a r c i n g  problems a s  t h e  d e p o s i t  became t h i c k e r  w i t h  t ime  d u r i n g  long  ex-  
pe r iments .  X-ray a n a l y s i s  found t h i s  d e p o s i t  t o  be a m i x t u r e  o f  W, W 0 2 ,  
and WO 3' 
I f  a m i x t u r e  of  90% N and 10% H was used a s  t h e  a tmosphere ,  t h e  
2  2  
vapor  d e p o s i t s  were reduced c o n s i d e r a b l y .  With t h i s  a tmosphere  t h e  de -  
p o s i t s  were s o  small t h a t  they produced no major  problems. Most o f  t h e  
exper iments  on com,?osite growth were then done u s i n g  t h e  m i x t u r e  of  n i -  
t r o g e n  and hydrogen.  
An atmosphere o f  pure  hydrogen r e s u l t e d  i n  a  minimum o f  vapor  de -  
p o s i t s .  Only a  v e r y  smal l  amount o f  orange-brown condensa te  formed j u s t  
a f t e r  m e l t i n g  t h e  sample p e l l e c .  The hydrogen a tmosphere  a l s o  c o o l e d  t h e  
sample? o r  p r e h c a t e r  tube  more than t h e  n i t r o g e n  a tmosphere .  T h i s  made 
s l i g h t l y  h i g h e r  power s e t t i n g s  n e c e s s a r y  t o  produce t h e  same t empera tu re .  
Power s e t t i n g s  f o r  s o l i d i f i c a t i o n  of  a  ZrO -10 mole p e r c e n t  Y203-6.5 2  
we igh t  p e r c e n t  W sample  i n  H were 0.65 amp and 4.4 k i l o v o l t s .  
2  
Composition - 
Two composi t ion v a r i a b l e s  i n v e s t i g a t e d  were t h e  Y 0  s t a b i l i z e r  
2  3 
c o n t e n t  and t h e  W ineta l  conLent.  Only two v a r i a t i o n s  i n  t h e  Y 0  c o n t e n t  
2  3 
were i n v e s t i g a t e d  but a  series o f  exper iments  employing d i f f e r e n t  W con- 
t e n t s  were n e c e s s a r y  t o  e s t a b l i s h  t h e  optimum W a d d i t i o n  t o  t h e  Y 0 
2 3  
s t a b i l i z e d  Z r O  
2' 
A s i n g l e  phase  r e g i o n  i s  r e p o r t e d  i n  t h e  ZrO -Y 0 sys tem which 
2 2 3  
e x t e n d s  from 7 t o  56 mole p e r c e n t  Y203. S o l i d i f i c a t i o n  o f  compos i t ions  
i n  t h i s  r e g i o n  was d e s i r e d  because  t h i s  s t a b i l i z e d  a  c u b i c  s t r u c t u r e  
t h a t  does no t  have any d i s r u p t i v e  phase  t r a n s f o r m a t i o n s  a s  s e e n  a t  t h e  
lower Y 0  c o n t e n t s .  A composi t ion c o n t a i n i n g  7.9 mole p e r c e n t  Y 0  was 
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s e l e c t e d  f o r  t h e  f i r s t  exper iments .  Good composi te  growth was produced 
bu t  t h e  p e l l e t s  were badly  c racked  even when s low c o o l i n g  methods were 
used.  An i n c r e a s e  of  t h e  Y203 c o n t e n t  t o  10  mole p e r c e n t  was made on t h e  
s u s p i c i o n  t h a t  some. of  t h e  Y 2 0 3  may have v a p o r i z e d  and moved t h e  composi- 
t i o n  o u t  o f  t h e  c u b i c  phase  r e g i o n .  Good composi te  growth was a g a i n  
ach ieved  b u t  t h e r e  was no improvement i n  t h e  c r a c k i n g  problems. Higher  
Y 0 c o n t e n t s  were t r i e d  b u t  abandoned because  of  i n c r e a s i n g  d i f f i c u l t y  
2 3 
i n  i n d u c t i o n  c o u p l i n g  t o  t h e  mat :er ia l .  No s i g n i f i c a n t  d i f f e r e n c e  was 
seen i n  t h e  q u a l i t y  o f  t h e  composi tes  produced i n  t h e  7.9 o r  10% Y 0 com- 
2  3 
p o s i t i o n s  but  t h e r e  was a  v a r i a t i o n  i n  t h e  amount o f  W n e c e s s a r y  t o  produce 
t h e  b e s t  samples .  
The W c o n t e n t  was found t o  have a  c o n s i d e r a b l e  e f f e c t  on t h e  f i b e r  
growth. An optimum W c o n t e n t  was e s t a b l i s h e d  which would g i v e  t h e  g r e a t -  
e s t  a r e a  o f  uniform f i b e r  growth.  I n  samples c o n t a i n i n g  7.9 mole p e r c e n t  
Y 2 0 3 ,  t h e  b e s t  t u n g s t e n  content: was 10 we igh t  p e r c e n t  W when s o l i d i f i e d  
i n  t h e  90% N 2  - 10% H atmosphere .  T h i s  produced a  p e l l e t  w i t h  good 2  
f i b e r  growth throughout  most o f  t h e  p e l l e t  e x c e p t  f o r  t h e  upper p o r t i o n  
o f  t h e  s o l i d i f i e d  a r e a  which c o n t a i n e d  some areas o f  pr imary ox ide .  
F i g u r e  6  shows a  t y p i c a l  a r e a  o f  t h i s  pr imary o x i d e  growth. A d d i t i o n s  
o f  5% W produced much l a r g e r  a r e a s  o f  pr imary o x i d e  i n  t h e  p e l l e t .  Ad- 
d i t i o n s  o f  15% W produced W d e n d r i t e s  w i t h i n  t h e  f i b e r  a r e a  and s t i l l  
c o n t a i n e d  pr imary o x i d e  i n  t:he upper p o r t i o n  o f  t h e  p e l l e t .  
I n c r e a s i n g  t h e  Y  0 c o n t e n t  t o  10 mole p e r c e n t  r e q u i r e d  16  we igh t  
2  3 
p e r c e n t  W t o  a c h i e v e  t h e  b e s t  e u t e c t i c  growth when s o l i d i f i e d  i n  t h e  90% 
N 2  - 10% H atmosphere.  Although t h e  p e l l e t s  c o n t a i n i n g  10% Y203 and 2  
16% W had e x t e n s i v e  a r e a s  o f  uniform f i b e r  growth,  some pr imary o x i d e  was 
a l s o  p r e s e n t  i n  t h e  upper p o r t i o n  o f  t h e  sample.  I f  15 we igh t  p e r c e n t  W 
was u s e d ,  t h e  a r e a  o f  pr imary o x i d e  i n  t h e  upper  p o r t i o n  o f  t h e  p e l l e t  
was n o t i c e a b l y  l a r g e r .  T h i s  e f f e c t  was even g r e a t e r  when 12  o r  10% W 
a d d i t i o n s  were mad... When 17% W was used d e n d r i t e s  o f  W o c c u r r e d  i n  t h e  
f i b e r  a r e a  and t h e r e  were s t i l l  s m a l l  a r e a s  o f  pr imary o x i d e  i n  t h e  upper  
p o r t i o n  o f  t h e  p e l l e t .  F i g u r e  7 shows t h e  e f f e c t s  o f  such  W d e n d r i t e s  on 
t h e  f i b e r  growth. 
During t h e  s o l i d i f i c a t i o n  o f  s t a b i l i z e d  Z r O  -W samples i n  t h e  90% 
2  
N 2  - 10% H atmosphere ,  t h e  composi t ion o f  t h e  e u t e c t i c  m a t e r i a l  does  n o t  2 
a) Transverse Section, Growth Direction Is 
Norrnal to Polished Plane. Dark Field, 200X 
' ' Growth Direction 
: y 2- ,~4=- ? ri* -- - 7 -  
b) Longitudinal Section, Dark Field, 600~ 
Figure 6. Composite Areas Containing Primary Oxide and 
Eutectic Structure in ZrO - 10 mole % Y203 - 
5 wei'ght % W. 2 
a) Bright Field, 600~ 
b) Dark: F:ield, 600~ 
Figure 7. A Tungsten Dendrite Surrounded by an 
Oxide Hlalo and Eutectic Structure in 
Zr02 - 10 mole % Y203 - 17 weight % W. 
remain t h e  same a:; t h e  i n i t i a l  s t a r t i n g  m i x t u r e .  I n  a d d i t i o n  t o  o t h e r  
p a r a m e t e r s ,  Tab le  1 t a b u l a t e s  t h e  composi t ion i n  t h e  e u t e c t i c  s t r u c t u r e  
i n  weight  p e r c e n t  W c a l c u l a t e d  from f i b e r  s i z e s  and d e n s i t y  c o u n t s  t aken  
from SEM micrographs  of  w e l l  grown a r e a s  o f  ZrO -10 mole p e r c e n t  Y 0 -W 
2  2  3  
samples .  To c o n v e r t  t h e  volume p e r c e n t  W t o  we igh t  p e r c e n t ,  t h e  theo-  
r e t i c a l  d e n s i t y  of t u n g s t e n ,  19 .3  gm/cm3, was used f o r  t h e  f i b e r s .  The 
3 d e n s i t y  o f  t h e  s t a b i l i z e d  ZrO (6.1 gm/cm ) was de te rmined  by x - ray  
2  
methods and checked by d i r e c t  measurement on a  sample n o t  c o n t a i n i n g  any 
W. A t y p i c a l  d e n s i t y  f o r  t h e  s o l i d i f i e d  p o r t i o n  o f  t h e  composi tes  was 
3 
6 . 3  gm/cm . An e r r o r  a n a l y s i s  on t h e  composi t ion c a l c u l a t i o n s  i n d i c a t e d  
t h e  accuracy  o f  th12se c a l c u l a t i o n s  t o  be abou t  + 2 weigh t  p e r c e n t  W. 
S o 1 i d i f i c a t : i o n  o f  Zr02-10 mole p e r c e n t  Y203-W samples  i n  a H2 o n l y  
atmosphere d i f f e r e d  from t h e  s o l i d i f i c a t i o n  i n  t h e  90% N - 10% H2 a t -  2  
mosphere. I n  t h e  I1 atmosphere  p e l l e t s  c o n t a i n i n g  a s  low a s  8% W p ro -  2  
duced W d e n d r i t e s  i n  t h e  f i b e r  a r e a .  A compos i t ion  o f  Z r O  -10 mole p e r -  2  
c e n t  Y203-6.5 weigl-rt p e r c e n t  W rrroduced t h e  b e s t  r e s u l t s  i n  t h e  H2 a t -  
mosphere. Th i s  r e s u l t e d  i n  o n l y  a  s m a l l  amount o f  primary o x i d e  a t  t h e  
t o p  o f  t h e  p e l l e t  a.nd no W d e n d r i t e s .  I f  6% W was used ,  t h i s  pr imary 
o x i d e  a r e a  w a s  s l i g h t l y  l a r g e r .  
I n f l u e n c e  o f  Growth Rate  -- 
The e f f e c t  of growth r a t e  on t h e  f i b e r  s i z e  and d e n s i t y  o f  a series 
o f  Zr02-10 mole p e r c e n t  Y 0 -W samples s o l i d i f i e d  i n  90% N2 - 10% H2 a t -  
2  3 
mosphere i s  shown i : n  T a b l e  1. Micrographs o f  two samples grown under  t h e  
same c o n d i t i o n s  excep t  f o r  abou t  a t e n f o l d  change i n  growth rate are shown 
i n  F i g u r e  8. F i g u r e  9 i l l u s t r a t e s  t h e  e f f e c t  of  growth rate on t h e  f i b e r  
Table  1 .  F i b e r  Size, F i b e r  D e n s i t y ,  Composi t ion,  and Growth 
Rate  Data f o r  Some ZrO -10 Mole P e r c e n t  Y 0 -W 
Sa~np les  
2 2 3 
- 
Sample Weight % Growth F i b e r  F i b e r  Volume % C a l c u l a t e d  
Number WAdded Rate  i n  Diameter Dens i ty  F i b e r s  E u t e c t i c  
cm/hr Microns x Weight 
~ i b e r s / c m  % W 

1. 
I I I I I 
1 2 3 4 5 6 
LOWERING RATE (CMIH R) 
Figure 9. The Ef fec t  of Varying Growth Rate on 
the  W Fiber  Diameter i n  Y 0 S t a b i l i z e d  
z 1 - 0 ~  - W Samples. 2 3 
d i a m e t e r .  Another e f f e c t  no ted  e s p e c i a l l y  a t  t h e  h i g h e r  growth r a t e s  
was a  tendency f o r  s m a l l  v o i d s  t o  be l e f t  i n  t h e  s o l i d i f i e d  a r e a  o f  t h e  
p e l l e t .  The vo id  t h a t  i s  normal ly  a t  t h e  t o p  o f  t h e  p e l l e t  would some- 
t imes  n o t  t r a v e l  comple te ly  t o  t h e  t o p  w i t h  growth r a t e s  above abou t  
f i v e  cm/hr. 
Genera l  D e s c r i p t i o n  o f  t h e  Composite - - 
T h i s  sect io :2  d e s c r i b e s  t h e  v a r i o u s  a s p e c t s  o f  t h e  Y 0 s t a b i l i z e d  
2 3 
Z r O  -W composi tes  .not covered by t h e  p r e v i o u s  s e c t i o n s .  The g r o s s  f e a -  2 
t u r e s  o f  t h e  s o l i d i f i e d  p e l l e t  a r e  d e s c r i b e d  a l o n g  w i t h  d e t a i l s  on g r a i n s  
o r  c o l o n i e s ,  banding,  and s o l i d i f i c a t i o n  o f  p l a t e l e t s .  
F i g u r e  10 shows a  t y p i c a l  u n i d i r e c t i o n a l l y  s o l i d i f i e d  p e l l e t  which 
h a s  been c u t  i n  h a l f ,  mounted i n  quickmount,  and p o l i s h e d .  The b l a c k  
a r e a  i s  t h e  m a t e r i a l  t h a t  h a s  been mol ten  and u n i d i r e c t i o n a l l y  s o l i d i f i e d .  
Around t h e  s o l i d i f i e d  m a t e r i a l  i s  t h e  t h i n  unmelted s k i n .  The s k i n  t h i c k -  
n e s s  v a r i e d  from abou t  2 t o  0 .5 m i l l i m e t e r s  n e a r  t h e  base  where i t  a lmos t  
me l ted  through.  The l a r g e  v o i d  a t  t h e  t o p  o f  t h e  p e l l e t  was due t o  t h e  
d i f f e r e n c e  i n  t h e  d e n s i t y  o f  t h e  s o l i d i f i e d  and unmelted m a t e r i a l .  
S m a l l e r  v o i d s  were t r a p p e d  a t  t h e  bottom o f  t h e  s o l i d i f i e d  zone due t o  
t h e  mol ten  m a t e r i a l  b e i n g  more v i s c o u s  because  o f  a  lower t e m p e r a t u r e  
n e a r  t h e  base  o f  t h e  p e l l e t .  The h i g h e r  v i s c o s i t y  p reven ted  t h e s e  v o i d s  
from r a i s i n g  t o  t h e  t o p  o f  t h e  p e l l e t .  The l i g h t  l i n e s  i n  t h e  b l a c k  
s o l i d i f i e d  m a t e r i a l  a r e  c r a c k s  i n  t h e  p e l l e t .  
F i g u r e  11 shows an a r e a  o f  uniform f i b e r  growth. T h i s  p o l i s h e d  
s e c t i o n  was c u t  normal t o  t h e  lower ing d i r e c t i o n  s o  i t  shows t h e  end view 
o f  t h e  f i b e r s .  Not ice  t h e  hexagonal  a r r a y  i n  which t h e  f i b e r s  s o l i d i f y .  
Figure 10. Typical Longitucinal  Sec t ion  of a  Z r O  - 
Y 0  - W P e l l e t  Showing the  Voids, ~ n g e l t e d  ~ h . 2  and the  Black S o l i d i f i e d  Area. 5 X  
Figure 11. Typical Area of Uniform Fiber  Growth i n  
- W Composites. Growth Direc t ion  
Is z':" zorma - yf" t o  Polished Plane. Dark F i e l d ,  600~ 
Figure 12.  ?'he I n t e r s e c t i o n  of Three Grain Boundaries 
clr Possibly Colony Walls i n  Zr02 - Y 0 - 
W. Growth Direc t ion  i s  Normal t o  ~ o l ? s 8 e d  
F'lane. Dark Fie ld ,  600~ 
F i g u r e  8 from t h e  p r e v i o u s  s e c t i o n  shows samples which were c u t  p a r a l l e l  
t o  t h e  lower ing  d i r e c t i o n  s o  t h e  f i b e r s  can be seen l eng thwise .  
The boundar ies  between t h r e e  g r a i n s  o r  p o s s i b l y  c o l o n i e s  a r e  seen  
i n  F i g u r e  12.  These boundar ies  can be seen l e n g t h w i s e  i n  F i g u r e s  8 and 13. 
To de te rmine  i f  t h e s e  boundar ies  a r e  g r a i n  boundar ies  o r  colony w a l l s  would 
r e q u i r e  x - ray  s t u d i e s  on t h e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  o f  t h e  o x i d e  m a -  
t r i x  i n  t h e  v a r i o u s  g r a i n s  o r  c o l o n i e s .  I f  they  a r e  g r a i n  b o u n d a r i e s ,  
t h e r e  would be a  change i n  c r y s t a l  o r i e n t a t i o n  a c r o s s  t h e  boundary u n l e s s  
by chance t h e  grain:; had e x a c t l y  t h e  same o r i e n t a t i o n .  I f  they  a r e  co lony  
w a l l s  o r  c e l l  boundar ies  (which a r e  s u b c e l l s  o f  a  g r a i n ) ,  t h e r e  would be  
no change i n  c r y s t a l  o r i e n t a t i o n  a c r o s s  t h e  boundary s i n c e  a l l  t h e  matrix 
i n  one g r a i n  i s  a  s i n g l e  c r y s t a l .  S i n c e  i t  h a s  n o t  been determined (be- 
c a u s e  o f  t h e  e x p e r i m e n t a l  d i f f i c u l t i e s  o f  o b t a i n i n g  a v e r y  s m a l l  x-ray 
beam) i f  they a r e  g r a i n  boundar i , e s  o r  c e l l  b o u n d a r i e s ,  t h e y  w i l l  be r e f e r r e d  
t o  a s  j u s t  "boundar ies .  " 
A t  t h e s e  boundar ies  t h e  f i b e r s  c u r v e  i n t o  t h e  boundary.  S i n c e  t h e  
f i b e r s  a lways  s o l i d i f y  p e r p e n d i c u l a r  t o  t h e  l i q u i d  s o l i d  i n t e r f a c e ,  t h e  
f i b e r  c u r v a t u r e  i n d i c a t e s  t h e r e  was a  d e p r e s s i o n  i n  t h e  g e n e r a l l y  f l a t  
l i q u i d - s o l i d  i n t e r f a c e  a t  t h e  boundary. F i g u r e  13 a l s o  shows how t h e  
boundary w i l l  c ross ;  a  h o r i z o n t a l  band o f  pure  o x i d e .  N o t i c e  how t h e  f i b e r s  
s p r e a d  i n  a  f an  shape away from t h e  boundary j u s t  above t h e  o x i d e  band. 
T h i s  i n d i c a t e d  that: t h e  s o l i d i f i c a t i o n  o f  t h e  f i b e r s  was n u c l e a t e d  a t  t h e  
boundary and t h a t  t h e r e  might have been a c o n c e n t r a t i o n  o f  i m p u r i t i e s  a t  
t h e  boundary which caused a  l o c a l i z e d  lower ing  o f  t h e  s o l i d i f i c a t i o n  t e m -  
p e r a t u r e .  T h i s  caused t h e  s l i g h t  d e p r e s s i o n  i n  t h e  f l a t  l i q u i d - s o l i d  
Figure  13. All Oxide Band i n  which the  W F i b e r s  
Rcnucleate i n  a Fan Shape. Dark F i e l d ,  
600x 
Figure  14. Oxide Bands i n  which t h e  W F i b e r s  
R12nucleate J u s t  Above t h e  Preceding 
F i b e r s .  Notice t he  Few F i b e r s  That 
Cross t h e  Band. Dark F i e l d ,  600~ 
i n t e r f a c e .  Also ,  t.he i m p u r i t i e s  probably  a c t e d  a  s i t e  f o r  n u c l e a t i o n  o f  
t h e  s o l i d i f i c a t i o n  o f  t h e  W f i b e r s .  
H o r i z o n t a l  bands i n t e r r u p t i n g  t h e  uniform s o l i d i f i c a t i o n  o f  f i b e r s  
was a  problem i n  ma.ny samples.  Two t y p e s  o f  bands were seen  i n  t h e  p e l -  
l e t s .  F i g u r e  1 3  sh.ows an o x i d e  band i n  which t h e  f i b e r s  r e n u c l e a t e  i n  a 
fan  shape.  Usua l ly  such  o x i d e  bands a r e  wider  than t h o s e  i n  F i g u r e  13. 
F i g u r e  14 shows a n c t h e r  type  o f  banding i n  which t h e  f i b e r s  r e n u c l e a t e  
immediate ly  above t h e  t e rmina ted  f i b e r .  I n  F i g u r e  14 a  few f i b e r s  can be 
seen c r o s s i n g  t h e  o x i d e  band w i t h o u t  i n t e r r u p t i o n .  The p e r c e n t a g e  o f  
f i b e r s  t h a t  c r o s s e d  t h i s  t y p e  o f  banding w a s  v e r y  small. 
I n  an  a t t e m ~ t  t o  f i n d  t h e  c a u s e  o f  banding i n  t h e  ox ide -meta l  com- 
p o s i t e s ,  power f l u c t u a t i o n s  were i n t e n t i o n a l l y  i n t r o d u c e d  d u r i n g  t h e  
s o l i d i f i c a t i o n  o f  a p e l l e t .  The p l a t e  c u r r e n t  was lowered abou t  0 .2  amp 
f o r  about  f o u r  seconds  and then  tu rned  back up t o  t h e  normal s e t t i n g .  
T h i s  was done every  t e n  minu tes  d u r i n g  t h e  lower ing  o f  a  sample. F i g u r e  
15  shows t h e  t y p e  o f  banding produced by t h i s  major  f l u c t u a t i o n  i n  power. 
N o t i c e  t h e  l a r g e  W d r o p l e t s  t h a t  can be s e e n  i n  t h e  b r i g h t  f i e l d  v i e w  and 
i n  t h e  d a r k  f i e l d  v iew t h e  s l i g h t  f a n  shaped form caused  by t h e  n u c l e a t i o n  
o f  s e v e r a l  f i b e r s  from a  s i n g l e  p o i n t .  The W d r o p s  i n  t h e  power f l u c t u a -  
t i o n  band d i s t i n g u i s h  t h i s  type  o f  band from t h e  t y p e  seen i n  F i g u r e s  13 
and 14.  Even l a r g e r  bands o f  t h e  type  i n  F i g u r e  13 never  had W d r o p l e t s  
i n  t h e  o x i d e  band. Power f l u c t u a t i o n  type  bands were  o c c a s i o n a l l y  seen  
i n  p e l l e t s  s o l i d i f i e d  w i t h o u t  d e l i b e r a t i v e l y  i n t r o d u c e d  power f l u c t u a t i o n ,  
b u t  t h e s e  growth d i s c o n t i n u i t i e s  were less f r e q u e n t  than  t h e  o t h e r  type  o f  
bands.  No d e f i n i t e  c a u s e  c o u l d  be e s t a b l i s h e d  f o r  t h e  o t h e r  t y p e s  o f  bands.  
I Di rec t ion  3 1  
a )  Bright  F i e l d ,  600~ 
b )  Dark F ie ld ,  600~ 
Figure 15. Wide Growth Discon t inu i ty  o r  Band A r t i f i c -  
i a l l y  Produced by a Power F luc tua t ion .  
They may be a  r e s u l t  o f  v a r i a t i o n s  i n  t h e  lowering r a t e  o r  v a r i a t i o n s  i n  
t h e  composi t ion of t h e  mol ten material o r  o t h e r  unknown r e a s o n s .  
F igure  16 shows a n o t h e r  s o l i d i f i c a t i o n  morphology t h a t  was seen i n  
i s o l a t e d  areas of  a  few samples.  I n  t h i s  t y p e  o f  s o l i d i f i c a t i o n  t h e  o x i d e  
m a t r i x  was always c l e a r  and t r a n s p a r e n t  i n s t e a d  o f  d a r k  and a lmos t  opaque.  
The W s o l i d i f i e d  i n  p l a t e l e t s  w i t h  no a p p a r e n t  o r i e n t a t i o n .  The t r a n s -  
p a r e n t  m a t r i x  made p o s s i b l e  t h e  ,viewing o f  t h e s e  p l a t e l e t s  r e l a t i v e l y  deep 
below t h e  po l i shed  s u r f a c e .  Th is  t r a n s p a r e n t  m a t r i x  a l s o  caused many of  
t h e  p l a t e l e t s  t o  be o u t  o f  f o c u s  i n  F i g u r e  16. 
A sample which was e t c h e d  i n  b o i l i n g  phosphor ic  a c i d  f o r  14 h o u r s  
i s  shown i n  F i g u r e  1 7 .  The a c i d  s e l e c t i v e l y  e t c h e s  back t h e  m a t r i x  leav- 
i n g  t h e  unetched W : f ibers  p r o t r u d i n g  from t h e  remaining m a t r i x .  SEPl 
photos  such a s  F i g u r e  1 7  were used t o  de te rmine  f i b e r  d i a m e t e r s .  S i m i l a r  
SEM photos  a t  abou t  2000X were used t o  count  f i b e r  d e n s i t i e s .  
F igure  18 shows a  ZrO -Y 0 -W sample which had t h e  W removed by 
2 2 3  
e t c h i n g  w i t h  a  solu1:ion o f  100 m l  d i s t i l l e d  w a t e r ;  7.5 grams, K3Fe(CN)6; 
and 2.5 grams, Na(OI1). Not ice  t h e  hexagonal shape  o f  t h e s e  h o l e s  i n d i c a t -  
i n g  t h e  f i b e r s  a r e  probably  n o t  c i r c u l a r  but  hexagonal i n  c r o s s  s e c t i o n .  
Figure  16. An Area of  W P l a t e l e t s  i n  Z r O  - Y 0 - 
W. The Oxide i n  t h i s  Area I s  ?rans$a$ent 
Allowing Pla-bele ts  Deeper than  Usual To 
Be Seen i n  t he  Sample. Dark F i e l d ,  6 0 0 ~  
Figure 17. The W F ibers  Protruding from the  %r02 - 
Y 0  Matrix t h a t  Has Been S e l e c t i v e l y  
l&cfied. SEM Photo a t  6950~ 
Figure 18. ':he Z r O a  - Y203 Matrix wi th  Holes Produced 
by S e l e c t i v e l y  Etching Away t h e  W F ibe r s .  
SEM Photo a t  24,700~ 
CHAPTER V I  
DISCUSSION OF RESULTS 
This c h a p t e r  i s  a  d i s c u s s i o n  and i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  
p r e s e n t e d  i n  Chapte:: V. The c h a p t e r  i s  d i v i d e d  i n t o  two s e c t i o n s .  The 
f i r s t  s e c t i o n  conce::ns t h e  e s t a b l i s h m e n t  and c o n t r o l  o f  a  s t a b l e  i n t e r n a l  
mol ten  zone i n  Y 0 s t a b i l i z e d  Zr02-W p e l l e t s .  The second s e c t i o n  d i s -  
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c u s s e s  t h e  r e s u l t s  :in v iew of  t h e  s o l i d i f i c a t i o n  p r o c e s s  and m i c r o s t r u c t u r e  
o b t a i n e d  i n  t h e  composi te .  The coupled zone t h e o r y  i s  used t o  e x p l a i n  
some o f  t h e  s o 1 i d i f : i c a t i o n  phenomena. 
C o n t r o l  o f  t k I n t e r n a 1  Molten Zone - 
I n  o r d e r  t o  s o l i d i f y  oxide-metal  composi tes  by t h e  i n t e r n a l  mol ten  
zone t e c h n i q u e  a  we' l l  c o n t r o l l e d  molten zone must  be e s t a b l i s h e d  w i t h i n  
t h e  sample p e l l e t .  Pa ramete r s  t h a t  a f f e c t  t h e  fo rmat ion  of  a n  i n t e r n a l  
mol ten  zone i n c l u d e  t h e  e l e c t r i c a l  and the rmal  c o n d u c t i v i t y ,  d e n s i t y  , 
m e l t i n g  p o i n t ,  compos i t ion ,  and t empera tu re  of t h e  ox ide -meta l  sample 
p e l l e t .  The i n d u c t i o n  h e a t i n g  f requency ,  i n p u t  power, l o a d  c o i l  geometry,  
and a tmosphere  a r e  pa ramete r s  concern ing  t h e  i n d u c t i o n  h e a t i n g  p r o c e s s  
t h a t  a l s o  a f f e c t  t h e  e s t a b l i s h m e n t  and c o n t r o l  o f  t h e  i n t e r n a l  mol ten  
zone. The major  d i E f i c u l t y  t h a t  must be overcome by t h e  u n d e r s t a n d i n g  
and c o n t r o l  o f  t h e s e  pa ramete r s  was t h e  i n i t i a l  e s t a b l i s h m e n t  o f  a  mol ten  
i n t e r i o r  and t h e  conta inment  o f  t h e  mol ten  m a t e r i a l  by t h e  t h i n  unmelted 
sample s k i n .  S i n c e  t h e  h e a t  was g e n e r a t e d  w i t h i n  t h e  sample p e l l e t  by 
induction heating the surrounding atmosphere is cooler than the pellet 
itself. A t  the very high temperatures necessary to melt the refractory 
oxide-metal pellets, the heat loss from the sample skin by radiation loss 
was very high. This heat loss by radiation was great enough to establish 
a very steep thermal gradient: on the outer few millimeters of the pellet. 
If the input power and heat loss were precisely balanced, the internal 
molten zone could be contained by a solid outer skin maintained at a lower 
temperature. 
The initial formation of a stable molten zone is the most critical 
aspect of the internal molten zone technique. In order to establish the 
molten zone in a stabilized ZrO -W pellet using a 10 KVA output Lepel 2 
generator, the pellet must be preheated to increase the conductivity of 
the oxide. At the temperature of approximately 1600°c, the oxides' elec- 
trical conductivity was high enough to allow eddy currents to cause induc- 
tion heating and the subsequent melting of the oxide. The frequency of 
the induction heating greatly affected the power necessary to establish 
these eddy currents, The higher the frequency the less power was needed 
to establish the eddy current heating within the oxide-metal pellet. At 
frequencies of 16 a:2d 7.6 megahertz the pellet could be melted easily after 
preheating to 1600~~. At 3.6 megahertz more power was necessary to estab- 
lish eddy current heating and the operator had to be skilled and accus- 
tomed to the method. After the molybdenum preheat tube was lowered, the 
power had to be quickly increased to a maximum before the pellet cooled 
too much. After the eddy currents were established in the pellet and the 
pellet was heating rapidly, the power had to be decreased at precisely the 
c o r r e c t  moment t o  p r e v e n t  o v e r h e a t i n g  and t h e  mol ten  i n t e r i o r  from m e l t i n g  
Ihro\1):11 the  sol i t 1  skin. If t h c  o p e r a t o r  d i d  not have e x p e r i e n c e  i n  t h i s  
p r o c e d u r e ,  t h e  p e l l e t  would u s u a l l y  n o t  be mel ted  o r  t h e  mol ten  i n t e r i o r  
would m e l t  through t h e  s k i n  and be s p i l l e d .  The o n l y  way o f  a c q u i r i n g  
t h i s  e x p e r i e n c e  was through many a t t e m p t s  and f a i l u r e s .  
The f requency o f  t h e  i n d u c t i o n  h e a t i n g  a l s o  a f f e c t s  t h e  c o n t r o l  o f  
t h e  mol ten  zone. Equat ion 11. i t -  Chap te r  I1 shows t h a t  t h e  f requency h a s  
an  i n v e r s e  a f f e c t  on t h e  s k i n  d e p t h  i n  i n d u c t i o n  h e a t i n g .  T h i s  s k i n  d e p t h  
was a  measure o f  d e p t h  w i t h i n  a  c y l i n d r i c a l  work p i e c e  t h a t  an  e q u i v a l e n t  
c u r r e n t  would f low t o  produce t h e  same c u r r e n t  d e n s i t y  a s  i n  t h e  a c t u a l  
work p i e c e .  The s k i n  d e p t h  i s  an i n d i c a t i o n  o f  where most o f  t h e  i n d u c t i o n  
h e a t i n g  t a k e s  p l a c e  i n  t h e  c y l i n d r i c a l  work p i e c e .  A t  v e r y  h i g h  f requen-  
c i e s  t h e  s k i n  d e p t h  was v e r y  smal l  s o  t h e  h e a t i n g  was t a k i n g  p l a c e  v e r y  
n e a r  t h e  s u r f a c e  o f  a  p e l l e t .  T h i s  would c a u s e  a  t h i n n e r  s o l i d  s k i n  around 
t h e  mol ten  i n t e r i o r  o f  a  sample p e l l e t  than  i f  a  lower f requency  were used.  
When u s i n g  i n d u c t i o n  h e a t i n g  f r e q u e n c i e s  o f  16  and 7.6 megaher tz ,  t h e  s o l i d  
s k i n  t h i c k n e s s  was much t h i n n e r  than  a t  3.6 megaher tz .  T h i s  v e r y  t h i n  
s k i n  made c o n t r o l  o f  t h e  mol ten  zone much more d i f f i c u l t  i n  r e g a r d  t o  p r e -  
v e n t i n g  t h e  mol ten  i n t e r i o r  from m e l t i n g  th rough  t h e  s o l i d  s k i n .  The 
t h i c k e r  s o l i d  s k i n  was a  major c o n s i d e r a t i o n  i n  t h e  u s e  o f  t h e  lower 3 .6  
megaher tz  f requency . 
Lower f r e q u e n c i e s  than  3.6 megaher tz  shou ld  produce even t h i c k e r  
s k i n s  which would make c o n t r o l  o f  t h e  molten zone l e s s  d i f f i c u l t .  At lower 
f r e q u e n c i e s ,  however,  t h e  i n i t i a l  e s t a b l i s h m e n t  o f  eddy c u r r e n t s  would re- 
q u i r e  h i g h e r  p r e h e a t  t empera tu rea  and h i g h e r  powers and r e s u l t  i n  i n c r e a s e d  
d i f f i c u l t y  i n  p r e v e n t i n g  t h e  s p . i l l i n g  of mol ten m a t e r i a l .  With t h e  3.6 
megahertz frequency a s t a b l e  molten zone cou ld  be  e s t a b l i s h e d  and con- 
t r o l l e d  even thougt! t h e r e  was some d i f f i c u l t y .  Consequent ly ,  most o f  t h e  
s u c c e s s f u l  experimem ts  used 3 . 6  megahertz.  
The amount o f  Y203 s t a b i l i z e r  i n  t h e  ox ide  mix ture  a f f e c t e d  t h e  
format ion o f  a molten zone. A t  Y 0 c o n t e n t s  above 10 mole p e r c e n t  t h e r e  
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was much d i f f i c u l t y  i n  e s t a b l i s h i n g  t h e  eddy c u r r e n t s  n e c e s s a r y  f o r  induc-  
t i o n  h e a t i n g .  P e l l e t s  c o n t a i n i n g  a s  h i g h  a s  20 mole p e r c e n t  Y 2 0 3  c o u l d  
0 n o t  be mel ted wi th  3 . 6  megaher tz  a f t e r  p r e h e a t i n g  t o  approximately  1900 C. 
Apparent ly  t h e  c o n d u c t i v i t y  of Lhe o x i d e  m i x t u r e  decreased  w i t h  i n c r e a s i n g  
Y 0 c o n t e n t  and above 10 mole p e r c e n t  t h e  c o n d u c t i v i t y  was t o o  low a t  
2 3 
1 6 0 0 ~ ~  f o r s u f f i c i e n t  eddy c u r r e n t s  t o  be e s t a b l i s h e d .  Th is  e f f e c t  might 
be  avoided by v e r y  high p r e h e a t  t empera tu res  o r  p o s s i b l y  t h e  a d d i t i o n  o f  a  
t h i r d  o x i d e  which w'mld r a i s e  t h e  c o n d u c t i v i t y  o f  t h e  m i x t u r e .  
The c o n t r o l  o f  t h e  molten zone,  once i t  was e s t a b l i s h e d ,  was t h e  
nex t  s t e p .  The molten zone cou ld  e a s i l y  m e l t  through t h e  t h i n  s o l i d  s k i n  
o f  t h e  p e l l e t  i f  t h e  t empera tu re  was too h igh .  I f  t h e  t empera tu re  was t o o  
low v o i d s  about  one t o  t h r e e  millimeters i n  d iamete r  were l e f t  throughout  
t h e  e n t i r e  un id i rec ; : iona l ly  s o l i d i f i e d  m a t e r i a l .  There  was no way t o  accu-  
r a t e l y  moni tor  t h e  cemperature  o f  t h e  s k i n  o f  t h e  p e l l e t  due t o  t h e  vapor  
d e p o s i t s  continuous:ly forming on t h e  s i l i c a  tube  t h a t  p reven ted  a c c u r a t e  
o r  r e p r o d u c i b l e  measurements w i t h  t h e  o p t i c a l  pyrometer.  The o n l y  c o n t r o l  
o f  t h e  p e l l e t  t empera tu re  was through c a r e f u l  c o n t r o l  o f  t h e  power s e t t i n g s  
on t h e  Lepel i n d u c t i o n  g e n e r a t o r .  The range  o f  power s e t t i n g s  a l l o w i n g  
good s o l i d i f i c a t i o n  was v e r y  narrow be ing  a b o u t  .02 amp on t h e  p l a t e  c u r r e n t  
f o r  any f i x e d  composi t ion and growth atmosphere.  The c o r r e c t  power s e t t i n g  
v a r i e d  w i t h  any change i n  conlposit ion from p e l l e t  t o  p e l l e t  and any change 
i n  atmosphere.  
Changes i n  p e l l e t  composi t ion a f f e c t e d  t h e  l i q u i d u s  t e m p e r a t u r e  o f  
t h e  m a t e r i a l .  Assuming e v e r y t h i n g  e l s e  c o n s t a n t ,  i f  t h e  sample composi- 
t i o n s  were changed s u c c e s s i v e l y  toward t h e  a c t u a l  e u t e c t i c  composi t ion 
(o r  toward t h e  boundary c u r v e  between t h e  two pr imary phases  i f  you con- 
s i d e r  t h e  a c t u a l  t h r e e  component phase  d iagram) ,  t h e  l i q u i d u s  t e m p e r a t u r e  
would be lower f o r  each s u c c e s s i v e  composi t ion.  T h i s  l i q u i d u s  t e m p e r a t u r e  
would be t h e  t empera tu re  a t  t h e  i n t e r f a c e  between t h e  molten i n t e r i o r  and 
t h e  unmelted s k i n  i : E  e q u i l i b r i u m  was e s t a b l i s h e d  a t  t h a t  p o i n t .  The induc-  
t i o n  h e a t i n g  power needed t o  m a i n t a i n  a s o l i d  s k i n  o f  e q u a l  t h i c k n e s s  would 
then be d e c r e a s i n g  w i t h  each change i n  compos i t ion .  T h i s  i d e a l  s i t u a t i o n  
was compl ica ted  by s l i g h t  changes i n  t h e  e l e c t r i c a l  and the rmal  conduc- 
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t i v i t y  w i t h  changes  i n  compos i t ion .  Changes i n  t h e  e l e c t r i c a l  c o n d u c t i v i t y  
a r e  a r e  r e f l e c t e d  i n  t h e  load t h e  Lepel  g e n e r a t o r  sees and t h u s  t h e  h e a t -  
i n g  e f f i c i e n c y  a t  any given power l e v e l .  Changes i n  t h e  t h e r m a l  conduc- 
t i v i t y  a f f e c t  t h e  t empera tu re  g r a d i e n t  a c r o s s  t h e  s o l i d  s k i n  and t h u s  a f -  
f e c t  t h e  t h i c k n e s s  o f  t h e  s k i n .  Both o f  t h e s e  e f f e c t s  a r e  probably  v e r y  
small i n  comparison t o  o t h e r  v a r i a b l e s ,  b u t  t h e y  would p r e v e n t  any a c c u r a t e  
p r e d i c t i o n  of  t h e  power s e t t i n g  n e c e s s a r y  t o  a c h i e v e  t h e  t empera tu re  needed 
f o r  good u n i d i r e c t i c l n a l  s o l i d i f i c a t i o n .  The power s e t t i n g  needed f o r  each  
change i n  p e l l e t  composi t ion was e s t a b l i s h e d  by a  t r i a l  and e r r o r  p r o c e s s  
t h a t  u s u a l l y  r e q u i r e d  t h r e e  o r  f o u r  exper iments  b e f o r e  t h e  c o r r e c t  s e t t i n g  
was found.  
Changes i n  t h e  a tmosphere  a l s o  a f f e c t e d  t h e  n e c e s s a r y  power s e t t i n g s .  
Atmospheres used were N 2 ' Hz, or mixtures of these gases. An atmosphere 
of I1 had a much greater cooling effect on the pellet surface than a N 2 2 
atmosphere. Differences of approximately 2 0 0 ~ ~  on the pellet surface 
were measured in H or N atrnospheres with all other variables held con- 
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stant. 
It is also possible that the atmosphere affected the composition 
of the oxide in the pellet. In non-stoichiometric oxides the oxygen par- 
tial pressure affects the equilibrium metal to oxygen ratio in the oxide. 
The reaction rate of this atmosphere-oxide reaction may be very fast qt the 
high temperatures of the molten oxides so long times to achieve equilibrium 
48 may not be necessary to compl-ete reactions. Carniglia et al. reported 
that ZrO is non-stoichiometric at high temperatures. Chapman et al. 4 9 
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have investigated the equilibrium between molten non-stoichiometric UO 
2+x 
and atmospheres of .various oxygen pressures. The experimental method and 
equipment were similar to the internal molten zone technique used for uni- 
directional solidification of composites. Changes in the atmosphere around 
the UO similar to zhanges in this investigation produced significant 
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changes in the oxygen to uranium. ratio. Similar effects might occur in the 
molten Zr02. These changes might affect the liquidus temperature and power 
requirements in the same manner as changes in the pellet composition. 
Such effects on power requirements are probably negligible but they could 
affect the tungsten solubility in the molten oxide. This is discussed in 
the following section on composite microstructure. 
The solidification rate or lowering rate did not have a great effect 
on the control of the molten zone. The only effect noticed (except on 
a c t u a l  f i b e r  d e n s i t y  and s i z e )  was t h a t  a t  lower ing  r a t e s  above s i x  cm/hr 
smal l  v o i d s  ronncd t h a t  were s i m i l a r  t o  t h o s e  seen when t h e  power was t o o  
low. The d i f f e r e n c e  i n  d e n s i t y  o f  t h e  molten and s o l i d i f i e d  m a t e r i a l  p r o -  
duced t h e s e  v o i d s  and a t  v e r y  h i g h  growth r a t e s  t h e  v o i d s  d i d  n o t  have t ime 
t o  f low t o  t h e  t o p  o f  t h e  pe i l e t :  t o  produce t h e  l a r g e  v o i d  u s u a l l y  o c c u r r i n g  
above t h e  s o l i d i f i e d  mater ia l . .  
The a c t u a l  s i z e  o f  t h e  i n t e r n a l  molten zone cou ld  have an e f f e c t  on 
t h e  s t a b i l i t y  of  t h e  zone.  O b s e r v a t i o n s  o f  t h e  t empera tu re  g r a d i e n t  a l o n g  
t h e  l e n g t h  of Zr02-Y203-W p e l l e t s  showed a  r e l a t i v e l y  narrow (about one  
c e n t i m e t e r ) ,  v e r y  h i g h  t empera tu re  zone w i t h  a  s h a r p  the rmal  g r a d i e n t  on 
t h e  s i d e s  o f  t h e  zo:ne. T h i s  i n d i c a t e d  t h e r e  was a  r e l a t i v e l y  s m a l l  i n t e r -  
n a l  mol ten  zone. During composi te  growth s o l i d  m a t e r i a l  me l t ed  from t h e  
t o p  o f  t h e  zone and t h e  l i q u i d  m a t e r i a l  s o l i d i f i e d  a t  t h e  base  a s  t h e  p e l -  
l e t  was lowered.  In o t h e r  ox ide -meta l  sys tems such a s  UO -W a lmos t  t h e  2  
whole l e n g t h  o f  t h e  p e l l e t  had t h e  same h i g h  t empera tu re  i n d i c a t i n g  t h a t  
t h e r e  was a  mol ten  pool  a lmos t  t h e  e n t i r e  l e n g t h  o f  t h e  p e l l e t  a t  t h e  be -  
g i n n i n g  o f  u n i d i r e c t : i o n a l  s o l i d i f i c a t i o n . 1 3  With a  small mol ten  zone as i n  
t h e  Z r O  -Y 0  -W syst:em, f l u c t z a t i o n s  i n  t h e  i n d u c t i o n  h e a t i n g  power would 
2  2 3  
have a  g r e a t e r  e f f e c t  s i n c e  i t  was c o n c e n t r a t e d  i n  a  s m a l l e r  volume. Com- 
p o s i t i o n a l  v a r i a t i o r s  i n  t h e  ox ide -meta l  m i x t u r e  a l o n g  t h e  l e n g t h  o f  t h e  
p e l l e t  would a l s o  have a  g r e a t e r  e f f e c t  on a  s m a l l  zone because  o f  t h e  
c o n s t a n t  m e l t i n g  and s o l i d i f i c a t i o n  o f  m a t e r i a l  a s  t h e  p e l l e t  was lowered.  
For l a r g e  mol ten  zones  any i n i t i a l  composi t ion v a r i a t i o n s  would be e l i m i -  
na ted  by t h e  mixing of  a l l  t h e  m a t e r i a l  i n  t h e  long molten zone b e f o r e  t h e  
s o l i d i f i c a t i o n  began. I t  would be d e s i r a b l e  t o  o b t a i n  a  l a r g e r  mol ten  zone 
i n  Z r O  -Y 0 -W b u t  a s imple  i n c r e a s e  i n  i n d u c t i o n  h e a t i n g  power caused  
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t h e  s o l i d  s k i n  t o  m e l t .  A change i n  t h e  i n d u c t i o n  h e a t i n g  c o i l  geometry 
which d i s t r i b u t e d  t h e  e l e c t r o m a g n e t i c  f i e l d  over  a  wider  s e c t i o n  of  t h e  
p e l l e t  might  i n c r e a s e  t h e  s i z e  o f  t h e  i n t e r n a l  mol ten  zone. 
Composite M i c r o s t r u c t u r e  
The composit~.  m i c r o s t r u c t u r e  formed d u r i n g  t h e  u n i d i r e c t i o n a l  s o l i d -  
i f i c a t i o n  o f  Y 0 s t a b i l i z e d  ZrO -W c o n s i s t e d  o f  s m a l l  p a r a l l e l  W f i b e r s  
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uni fo rmly  a l i g n e d  iia t h e  o x i d e  m a t r i x .  The W f i b e r s  w e r e  g e n e r a l l y  con- 
t i n u o u s  b u t  bands p e r p e n d i c u l a r  t o  t h e  f i b e r s  o f t e n  i n t e r r u p t e d  t h e  f i b e r  
growth. The s i z e  and d e n s i t y  of  t h e  f i b e r s  v a r i e d  w i t h  t h e  s o l i d i f i c a t i o n  
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r a t e  b u t  v a l u e s  o f  0.4 micron i n  d i a m e t e r  and 11 x 10 f i b e r s  p e r  s q u a r e  
c e n t i m e t e r  were t y p i c a l .  The composi t ion o f  t h e  p e l l e t  had a major  e f f e c t  
on t h e  m i c r o s t r u c t u r e  w i t h  t h e  amount of  W h a v i n g  a  g r e a t e r  e f f e c t  than  
v a r i a t i o n s  i n  Y 0 s t a b i l i z e r  c o n t e n t .  2 3  
The m i c r o s t r u c t u r e  v a r i e d  somewhat a c r o s s  t h e  p e l l e t .  T h i s  i s  shown 
s c h e m a t i c a l l y  i n  Fi .$ure 19. Throughout t h e  c e n t r a l  c o r e  (approx imate ly  
50% o f  t h e  volume oE t h e  p e l l e t )  t h e  f i b e r s  were  p a r a l l e l  t o  t h e  lower ing  
d i r e c t i o n .  On t h e  o u t e r  p o r t i o n s  o f  t h e  s o l i d i f i e d  zone t h e  f i b e r s  were  
p a r a l l e l  t o  each  ot 'aer  b u t  were curved upward f o l l o w i n g  t h e  t e m p e r a t u r e  
g r a d i e n t  toward t h e  h o t t e r  melt. Adjacent  t o  t h e  unmelted s k i n  t h e  f i b e r s  
n u c l e a t e d  and s o l i d i f i e d  p e r p e n d i c u l a r  t o  t h e  p e l l e t  w a l l s .  These f i b e r s  
curved upward a s  they  s o l i d i f i e d  toward t h e  c e n t e r  o f  t h e  p e l l e t  s o  i n  t h e  
c e n t r a l  c o r e  a l l  t h e  f i b e r s  were p a r a l l e l  t o  t h e  p e l l e t  w a l l s  o r  lower ing  
d i r e c t i o n .  I f  a  l i n e  were drawn a c r o s s  t h e  p e l l e t  s o  t h a t  i t  was perpen-  
d i c u l a r  t o  t h e  f i b e r s ,  t h i s  l i n e  would l i e  on t h e  p l a n e  o f  t h e  l i q u i d - s o l i d  
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Figure 19. Schematic Diagram of a Pellet During 
Unidirectional Solidification 
i n t e r f a c e  a t  t h e  moment of  s o l i d i f i c a t i o n  o f  t h o s e  f i b e r s .  The c u r v a t u r e  
o l  t h e  l i q u i d - s o l i d  i n t e r f a c e  n e a r  t h e  p e l l e t  w a l l s  was due t o  t h e  h e a t  
f low o u t  o f  t h e  p e l l e t  through t h e  w a l l s .  A t  t h e  c e n t e r  o f  t h e  p e l l e t  
t h e  h e a t  f low fol lowed t h e  d i r e c t i o n  o f  t h e  f i b e r s  toward t h e  base  o f  t h e  
p e l l e t .  T h i s  h e a t  f low toward t h e  base  o f  t h e  p e l l e t  was t h e  b a s i s  f o r  
u n i d i r e c t i o n a l  s o l i d i f i c a t i o n  a s  opposed t o  a u s u a l  s o l i d i f i c a t i o n  p r o c e s s .  
The f l a t  l iquid-sol:-d i n t e r f a c e  was n e c e s s a r y  t o  produce p a r a l l e l  a l i g n e d  
f i b e r  growth. 
The f l a t  i n t e r f a c e  was i n t e r r u p t e d  on a  v e r y  smal l  s c a l e  a t  t h e  
g r a i n  boundar ies  o r  colony w a l l s  mentioned i n  Chap te r  V and shown i n  
F i g u r e s  8b and 13 .  F i g u r e  20 shows t h e  shape o f  t h e  i n t e r f a c e  a t  t h e s e  
boundar ies .  To produce t h e  c u r v a t u r e  o f  t h e  f i b e r s  a t  t h e  boundary,  t h e  
i n t e r f a c e  must have a s l i g h t  d e p r e s s i o n .  I f  t h e s e  boundar ies  a r e  g r a i n  
b o u n d a r i e s ,  t h e  d e p r e s s i o n  may be due t o  a  h i g h e r  c o n c e n t r a t i o n  o f  impur i -  
t i e s  a t  t h e  boundary. The i m p u r i t i e s  would lower t h e  l i q u i d u s  t empera tu re  
i n  a l o c a l i z e d  r e g i o n  and r e s u l t  i n  t h e  material a t  t h e  g r a i n  boundary t o  
be  s o l i d i f i e d  s l i g h t l y  later than  t h e  n e i g h b o r i n g  material i n  t h e  c e n t e r  
o f  a  g r a i n .  Th i s  l a g  i n  t h e  s o l i d i f i c a t i o n  a t  t h e  g r a i n  boundary r e s u l t e d  
i n  t h e  d e p r e s s i o n  i n  t h e  l i q u i d - s o l i d  i n t e r f a c e .  
I f  t h e  boundar ies  a r e  c e l l  boundar ies  o r  co lony  w a l l s ,  they  are 
caused  by a  "cons t i t :u t iona l  undercoo l ing"  as e x p l a i n e d  by T i l l e r .  33  he 
c e l l s  o r  c o l o n i e s  seen i n  m e t a l - m e t a l  composi tes  a p p e a r  v e r y  d i f f e r e n t  from 
t h e  a r e a s  o u t l i n e d  by t h e  boundar ies  i n  ox ide -meta l  composi tes .  A d i f f e r -  
e n t  d i s t i n c t i o n  between g r a i n s  and c o l o n i e s  can o n l y  be made by a - d e t a i l e d  
x - ray  a n a l y s i s ,  b u t  i t  a p p e a r e s  t h a t  t h e  areas are probab ly  g r a i n s  and n o t  
c o l o n i e s .  
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Figure 20. Schemati-c Diagram of the Depression in the 
Usually Flat Liquid-Solid Interface at a 
Cell or Grain Boundary. 
F i g u r e  13 p r o v i d e s  more evidence f o r  g r a i n s  a s  opposed t o  c o l o n i e s .  
A boundary i s  secn c r o s s i n g  a  h o r i z o n t a l  o x i d e  band. The s o l i d i f i c a t i o n  
of t h e  o x i d e  band would have i n t e r r u p t e d  t h e  t empera tu re  d i s t r i b u t i o n s  
necessa ry  f o r  c o n s t : i t u t i o n a l  undercoo l ing ,  which i s  n e c e s s a r y  t o  form 
c o l o n i e s .  It i s  u n l i k e l y  t h a t  colony w a l l s  would be r e e s t a b l i s h e d  d i r e c t l y  
over  t h e  p rev ious  colony w a l l .  I f  t h e  boundary i s  a  g r a i n  boundary, t h e  
boundary would c r o s s  t h e  ox ide  band w i t h o u t  i n t e r r u p t i o n  a s  i t  does .  
S i n c e  t h e  ox ide  w i t h i n  e i t h e r  g r a i n  i s  con t inuous  a c r o s s  t h e  band i n  F i g -  
u r e  13 ,  t h e  c r y s t a l  o r i e n t a t i o n  o f  t h e  o x i d e  m a t r i x  does  n o t  change a c r o s s  
t h e  h o r i z o n t a l  band. S i n c e  i t  i s  t h e  ox ide  m a t r i x  which de te rmines  t h e  
e u t e c t i c  g r a i n s ,  t h e  m a t e r i a l  above and below t h e  h o r i z o n t a l  band must be 
i n  t h e  same e u t e c t i c  g r a i n .  A g r a i n  boundary would then be a b l e  t o  c r o s s  
an ox ide  band which  interrupt:^ t h e  m e t a l  f i b e r  s o l i d i f i c a t i o n .  
There  are t h r e e  t y p e s  o f  h o r i z o n t a l  bands t h a t  i n t e r r u p t  t h e  f i b e r  
s o l i d i f i c a t i o n .  The f i r s t  t y p e  of band i s  shown i n  F i g u r e  13 and a lways 
h a s  t h e  W f i b e r s  r e n u c l e a t i n g  above t h e  ox ide  band and s p r e a d i n g  i n  a  f a n  
shape i n  t h e  two dimensional  photograph. I f  observed i n  t h r e e  dimensions ,  
t h e  f a n  would u s u a l l y  appear  as a t r i a n g u l a r  p r i sm w i t h  i t s  a p e x  p o i n t e d  
down and c e n t e r e d  on a  g r a i n  boundary. The pr ism i s  a  group o f  f i b e r s  
t h a t  has  been n u c l e a t e d  a t  t h e  g r a i n  boundary. I m p u r i t i e s  i n  t h e  mol ten 
m a t e r i a l  o r  t h e  a c t u a l  g r a i n  boundary would be a c t i n g  a s  t h e  n u c l e a t i o n  
s i te .  Some " f a n s f f  in t h i s  t y p e  o f  banding do n o t  l i e  on a g r a i n  boundary 
but i n  t h e  c e n t e r  of t h e  g r a i n .  These " fans"  would appear  a s  cones o f  
f i b e r s  i n  t h r e e  dimensions  w i t h  t h e  n u c l e a t i o n  s i t e  a s  a p o i n t  on t h e  
l i q u i d - s o l i d  i n t e r f a c e .  
The e x a c t  cause  o f  t h e  h o r i z o n t a l  ox ide  bands o f  t h e  type  i n  F i g u r e  
1 3  i s  n o t  known e x a c t l y ,  bu t  t h e  coupled zone theory  o f f e r s  a p o s s i b l e  ex-  
p l a n a t i o n .  I f  t h e  l i q u i d  composi t ion and amount o f  undercoo l ing  a t  t h e  
l i q u i d - s o l i d  i n t e r f a c e  l i e  wi,thi.n t h e  coupled zone but  v e r y  n e a r  t o  t h e  
o x i d e  r i c h  boundary of t h e  zone,  a  e u t e c t i c  s t r u c t u r e  would be s o l i d i f i e d .  
A s l i g h t  change i n  t h e  l i q u i d  ccmposi t ion a t  t h e  i n t e r f a c e  which e n r i c h e d  
t h e  l i q u i d  i n  t h e  o x i d e  would move t h e  growth c o n d i t i o n s  o u t  o f  t h e  coupled 
zone. The ox ide  phase would advance ahead o f  t h e  W f i b e r  phase and s p r e a d  
t h e  s h o r t  d i s t a n c e  a c r o s s  t h e  t ~ p  o f  t h e  W f i b e r s .  The W i n  t h e  l i q u i d  
would be prevented from s o l i d i f y i n g  on t h e  f i b e r s  by t h i s  ox ide  cover ing .  
The composi t ion o f  ;:he l i q u i d  would be s h i f t e d  back toward t h e  coup led  
zone by t h e  s o l i d i f i c a t i o n  o f  t h e  o x i d e  band. When t h e  l i q u i d  composi t ion 
had s h i f t e d  s u f f i c i e n t l y ,  t h e  W phase must n u c l e a t e  above t h e  o x i d e  band. 
The W phase always n u c l e a t e d  as f i b e r s  and immediately s o l i d i f i e d  i n  a  
coupled manner i n  t h i s  t y p e  o f  banding.  T h i s  i n d i c a t e d  t h a t  t h e  s h i f t  i n  
l i q u i d  composit ion d i d  n o t  c r o s s  t h e  coupled zone t o  t h e  W r i c h  s i d e  b e f o r e  
t h e  n u c l e a t i o n  o f  t h e  W phase.  
The s h i f t  out: o f  t h e  coupled zone which s t a r t e d  t h e  o x i d e  band 
cou ld  be caused by a s l i g h t  v a r i a t i o n  i n  t h e  undercoo l ing  i n s t e a d  o f  change 
i n  composit ion.  The coupled zone i s  u s u a l l y  skewed toward t h e  component 
w i t h  t h e  h i g h e r  me1t:ing p o i n t ,  i n  t h i s  c a s e  t h e  W. A s l i g h t  i n c r e a s e  i n  
t h e  undercoo l ing  would s h i f t  t h e  growth c o n d i t i o n s  o u t  o f  t h e  coupled zone 
t o  t h e  ox ide  r i c h  s i d e  wi thou t  changing t h e  a c t u a l  l i q u i d  composi t ion.  
The o x i d e  band would be s o l i d i f i e d  j u s t  as e x p l a i n e d  above and a l o c a l i z e d  
s h i f t  i n  t h e  l i q u i d  composit ion a t  t h e  i n t e r f a c e  would move t h e  growth 
c o n d i t i o n s  back i n t o  t h e  coupled zone. A d e c r e a s e  i n  t h e  amount o f  under -  
c o o l i n g  might accompany t h i s  composi t ion s h i f t .  Mixing w i t h  t h e  b u l k  o f  
t h e  l i q u i d  would s h i f t  t h e  local. l i q u i d  composi t ion a t  t h e  i n t e r f a c e  back 
t o  t h e  composi t ion t h a t  was be ing  s o l i d i f i e d  b e f o r e  t h e  o x i d e  band. A l l  
growth c o n d i t i o n s  would be t h e  same a s  b e f o r e  t h e  o x i d e  band was s o l i d i -  
f i e d .  
To p reven t  t h i s  type of banding t h e  growth c o n d i t i o n s  must be v e r y  
s t a b l e  and l i e  w i t h i n  t h e  coupled zone. I f  t h e  growth c o n d i t i o n s  l i e  i n  
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t h e  c e n t e r  of a wide coupled zone,  l a r g e r  f l u c t u a t i o n s  i n  l o c a l  composi t ion 
and undercoo l ing  a t  t h e  i n t e r f a c e  can be t o l e r a t e d  by t h e  sys tem and s t i l l  
produce coupled growth. 
The second t y p e  o f  ox ide  banding i s  shown i n  F i g u r e  14. I n  t h i s  
t y p e  o f  banding t h e  W f i b e r s  r e n u c l e a t e  j u s t  above t h e  p r e v i o u s  f i b e r .  
These o x i d e  bands w e r e  always v e r y  t h i n  whereas i n  t h e  "fan" t y p e  o f  band- 
i n g  i n  F i g u r e  1 3  t h e  o x i d e  band v a r i e d  i n  w i d t h  and w a s  o f t e n  much wider  
than shown i n  F i g u r e  13.  A few f i b e r s  c r o s s  t h e  o x i d e  bands a s  shown i n  
F i g u r e  14 and ,  a l t h o u g h  t h i s  behav ior  was rare, i t  d e f i n i t e l y  o c c u r r e d .  
A good e x p l a n a t i o n  o f  t h i s  t y p e  o f  banding h a s  n o t  been developed. It 
might be r e l a t e d  t o  sudden s h a r p  v a r i a t i o n s  i n  t h e  lowering r a t e  caused 
by s t i c k i n g  o f  t h e  t i y d r a u l i c  c y l i n d e r  which c o n t r o l s  t h e  lower ing  o f  t h e  
p e l l e t .  
The t h i r d  t y p e  o f  banding shown i n  F i g u r e  15 was caused by f l u c t u a -  
t i o n s  i n  t h e  power. T h i s  would cause  sudden changes  i n  t h e  t empera tu re  o f  
t h e  l i q u i d  and might: c a u s e  suddea r a p i d  s o l i d i f i c a t i o n  o r  r e m e l t i n g  o f  t h e  
m a t e r i a l .  Th i s  type  o f  banding Is e a s i l y  recognized  by t h e  l a r g e  W d r o p s  
i n  t h e  band. These power f l u c t u a t i o n  bands were o c c a s i o n a l l y  seen i n  
samples  b u t  were n o t  as common a s  t h e  "fan" t y p e  o f  banding.  
S o l i d i f i c a t i o n  o f  t h e  pr imary o x i d e  seen  i n  F i g u r e  6 and W d e n d r i t e s  
i n  F i g u r e  7 can be e x p l a i n e d  i n  terms o f  t h e  coup led  zone and n u c l e a t i o n  
f a c t o r s .  Primary o x i d e  a r e a s  were a lways  su r rounded  by t h e  e u t e c t i c  s t r u c -  
t u r e  w i t h  t h e  o x i d e  phase  con t inuous  from t h e  p r imary  o x i d e  i n t o  t h e  e u t e c -  
t i c  s t r u c t u r e .  Tungsten d e n d r i t e s  were a lways  su r rounded  by an o x i d e  h a l o  
which was con t inuous  w i t h  t h e  o x i d e  phase  i n  t h e  a d j a c e n t  e u t e c t i c  s t r u c -  
t u r e .  I n  Chapter  I1 t h e  s o l i d i f i c a t i o n  o f  meta la  h a l o s  around m e t a l  @ 
d e n d r i t e s  was e x p l a i n e d .  T h i s  e x p l a n a t i o n  can be extended t o  t h e  o x i d e -  
m e t a l  sys tem by c o n s i d e r i n g  t h e  Z r O  -Y 0 phase  a s  t h e  a phase  and t h e  W 
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phase  as t h e  fl phase .  The p r o p e r t i e s  o f  t h e  m e t a l  a phase  i n  Chap te r  I1 
were a  complex c r y s t a l  s t r u c t u r e  t h a t  i s  d i f f i c u l t  t o  n u c l e a t e  b u t  a c t s  a s  
a good n u c l e a t i n g  a g e n t  and fornls a h a l o  around t h e  i3 phase .  The m e t a l  a 
p r o p e r t i e s  then  cor respond  t o  t k e  p r o p e r t i e s  o f  t h e  Z r O  -Y 0  phase.  The 
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m e t a l  p phase  i n  Chap te r  I1 had t h e  p r o p e r t i e s  o f  a  s imple  c r y s t a l  s t r u c -  
t u r e  which i s  e a s y  t o  n u c l e a t e  b u t  a c t s  as a poor  n u c l e a t i n g  a g e n t  and d i d  
no t  form h a l o s  around t h e  a phase.  These p r o p e r t i e s  co r respond  t o  t h e  W 
component. (For t h e  d e t a i l e d  e x p l a n a t i o n  o f  t h e  s o l i d i f i c a t i o n  o f  o x i d e  
h a l o s  around t h e  W d e n d r i t e s ,  t h e  r e a d e r  shou ld  r e a d  t h e  s e c t i o n  i n  Chap- 
t e r  I1 and r e f e r  t o  F i g u r e  3 w i t h  t h e  s u b s t i t u t i o n  o f  Z r O  -Y 0 f o r  t h e  a 
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phase  and W f o r  t h e  @ phase  i n  mind.) 
An e x p l a n a t i o n  o f  t h e  s o l i d i f i c a t i o n  o f  Z r O  -Y 0  pr imary o x i d e  
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r e g i o n s  t h a t  a r e  c o n t i n u o u s  w i t h  t h e  o x i d e  phase  i n  t h e  a d j a c e n t  e u t e c t i c  
s t r u c t u r e  i s  s i m p l e  i n  v iew o f  t h e  p r o p e r t i e s  mentioned above. I f  t h e  
l i q u i d  i s  r i c h  i n  t.he ox ide  com?onents and t h e  coupled zone i s  skewed 
toward t h e  W comporlent which h a s  a  h i g h e r  m e l t i n g  p o i n t ,  t h e  ox ide  phase  
w i l l  s o l i d i f y  a t  a  f a s t e r  r a t e  than t h e  e u t e c t i c  s t r u c t u r e .  Primary o x i d e  
r e g i o n s  would then s o l i d i f y  e x t e n d i n g  i n t o  t h e  l i q u i d  above t h e  normal ly  
f l a t  l i q u i d - s o l i d  i n t e r f a c e .  The l i q u i d  between t h e s e  pr imary o x i d e  re- 
g i o n s  and a l s o  above them would be d e p l e t e d  o f  t h e  o x i d e  components moving 
t h e  l i q u i d  composit.ion i n t o  t h e  coupled r e g i o n .  The W phase i s  e a s y  t o  
n u c l e a t e  on t h e  s o l i d  primary o x i d e  s o  t h e  e u t e c t i c  s t r u c t u r e  can beg in  
s o l i d i f y i n g  wi thout  a l a r g e  s u p e r s a t u r a t i o n  o f  t h e  l i q u i d  w i t h  W. The 
o x i d e  phase s o l i d i f i e s  i n  t h e  e u t e c t i c  s t r u c t u r e  con t inuous  w i t h  t h e  p r i -  
mary ox ide .  
I f  t h e  W phase  was d i f f i c u l t  t o  n u c l e a t e  t h e  l i q u i d  would have t o  be 
h i g h l y  s u p e r s a t u r a t e d  w i t h  W and t h e  composi t ion might l i e  on t h e  W r i c h  
s i d e  o f  t h e  coupled zone. I f  t h i s  were t h e  c a s e  (which i t  i s  n o t )  a  W 
h a l o  would s o l i d i f y  around t h e  pr imary o x i d e .  
The s o l i d i f i c a t i o n  of primary o x i d e  i n  t h e  upper p o r t i o n s  o f  t h e  
p e l l e t  was common hhen t h e  90% N - 10% H atmosphere was used.  Tab le  1 2 2 
i n d i c a t e s  t h a t  t h e  i n i t i a l  W c o n t e n t  i n  t h e s e  p e l l e t s  was c o n s i d e r a b l y  
l a r g e r  than t h e  W c o n t e n t  i n  t h e  s o l i d i f i e d  composi te .  T h i s  behav ior  can 
be exp la ined  by v a p o r i z a t i o n  o f  t h e  W from t h e  sample.  I n  t h e s e  exper iments  
t h e  s i l i c a  tube  s lowly became coa ted  w i t h  a  vapor  d e p o s i t .  X-ray a n a l y s i s  
o f  t h i s  d e p o s i t  i n d i c a t e d  i t  c o n t a i n e d  m e t a l l i c  W and W 0 2  and W03. The W 
c o n t e n t  i n  t h e  l i q u i d  w a s  be ing  d e p l e t e d  by v a p o r i z a t i o n  and by t h e  t i m e  
t h e  upper p o r t i o n s  o f  t h e  p e l l e t  were b e i n g  s o l i d i f i e d  t h e  W c o n t e n t  was 
t o o  low. Primary o x i d e  then  s o i i d i f i e d  a t  t h e  t o p  p o r t i o n s  o f  t h e  p e l l e t .  
Thc formation of  tungsten oxides  could be due t o  t h e  Z r O  going s u b s t o i -  
2  
ch iomet r ic  and g iv ing  o f f  oxygen which r eac t ed  wi th  the  W. Th is  s u b s t o i -  
ch iomet r ic  oxide would be t h e  explana t ion  o f  t h e  b lack  c o l o r  of  t h e  ox ide  
phase. P e l l e t s  of  Zr02-Y203 without  W melted and s o l i d i f i e d  i n  a i r  were n o t  
b l ack  but c l e a r  wi th  a  s l i g h t  yel low t i n t .  
S o l i d i f i c a t i o n  of Z r O  -Y 0  -W i n  a  H on atmosphere requi red  a  much 
2 2 3  2 
lower W conten t  and t h e r e  was much less vapor depos i t i on  on t h e  s i l i c a  tube  
wa l l s .  The increased  H content: i n  t h e  atmosphere could have prevented 2 
t h e  formation of  tungsten oxides  by r e a c t i n g  wi th  t h e  oxygen given o f f  by 
t h e  Z r O  o r  by reducing the  tungsten oxides  back t o  W. This  would have 2 
ac t ed  t o  conta in  t he  W i n  t he  p e l l e t  s i n c e  t he  major po r t i on  of  t he  W 
vapo r i za t i on  occurred a s  t he  tungsten ox ides .  
The H conten t  i n  t he  atmosphere would a f f e c t  t he  very  low oxygen 2 
p a r t i a l  p r e s su re  i n  t he  system. In  t he  U02,x-W system the  oxygen p a r t i a l  
p r e s su re  c o n t r o l s  t he  stoichi.ometry of  t he  oxide phase. This  i n  t u r n  con- 
t r o l s  t he  s o l u b i l i t y  o f  the  W i n  the  molten oxide and i s  a  very  important  
f a c t o r  i n  composite growth.13 This  could a l s o  be ve ry  important  i n  t h e  
Z r O  -W system, al though t h e  non- .s toichiometr ic  f i e l d  i s  not  as wide a s  i n  2  
u02+x 
and might be r e l a t e d  t o  t h e  W con ten t  necessary  t o  produce optimum 
growth i n  t h e  v a r i o u s  atmospheres. A d e t a i l e d  s tudy  i n  which t h e  oxygen 
p a r t i a l  p r e s su re  was c o n t r o l l e d  and monitored would be of i n t e r e s t  i n  t h e  
Z r O  -Y 0 -W system. 2 2 3  
CHAPTER V I I  
C ONCLUS IONS 
1. The in tc . rna1  mol ten zone t echn ique  can be used t o  m e l t  and 
u n i d i r e c t i o n a l l y  s c l i d i f y  Z r O  -Y 0 -W p e l l e t s  c o n t a i n i n g  between 7.9 and 
2 2 3  
10 mole p e r c e n t  Y C 
2. 3' 
2. The samples c o u l d  be mel ted  e a s i l y  a f t e r  p r e h e a t i n g  t o  abou t  
1 6 0 0 ~ ~  w i t h  t h e  h i g h e r  i n d u c t i o n  h e a t i n g  f r e q u e n c i e s  o f  7 . 6  and 16 mega- 
h e r t z ,  b u t  c o n t r o l  o f  t h e  mol ten zone was v e r y  d i f f i c u l t .  
3. Reducing t h e  i n d u c t i o n  h e a t i n g  f requency t o  3 .6  megaher tz  p ro-  
v i d e d  adequa te  c o n t r o l  o f  t h e  i n t e r n a l  mol ten zone i n  t h e  Y 0 s t a b i l i z e d  
2  3  
Z r O  -W samples .  2 
4. The p r e c i s e  c o n t r o l  o f  t h e  i n p u t  power was v e r y  c r i t i c a l  t o  
p r e v e n t  t h e  fo rmat ion  o f  v o i d s  i n  t h e  s o l i d i f i e d  m a t e r i a l  o r  t o  p reven t  
t h e  mol ten material from m e l t i n g  through t h e  unmelted p e l l e t  s k i n .  
5. The composi te  m i c r o s t r u c t u r e  c o n s i s t e d  o f  a s i n g l e  o x i d e  phase  
c o n t a i n i n g  W f i b e r s  a l i g n e d  p a r a l l e l  t o  t h e  s o l i d i f i c a t i o n  d i r e c t i o n .  
6. The s o l i d i f i c a t i o n  rate c o n t r o l l e d  t h e  W f i b e r  s i z e  and d e n s i t y  
w i t h  f a s t e r  rates producing smaller f i b e r s  w i t h  a h i g h e r  f i b e r  d e n s i t y .  
7 .  T y p i c a l  14 f i b e r  s i z e  and d e n s i t y  v a l u e s  f o r  a  2.6 c e n t i m e t e r  
p e r  hour  s o l i d i f i c a c i o n  rate were  0.4 micron d i a m e t e r  and 11 m i l l i o n  f i -  
b e r s  p e r  s q u a r e  cenc imete r .  
8. The amount o f  H i n  t h e  N2-H2 atmosphere a f f e c t e d  t h e  power set 2 
t i n g  and oxide-metal  composi t ion g i v i n g  t h e  b e s t  composi te  s o l i d i f i c a t i o n .  
9 .  The most uniform composi te  s o l i t l i i i c a t i o n  occur red  u s i n g  
ZrO - 10 mole p e r c e n t  Y 0 - 16 we igh t  p e r c e n t  W i n  a N2 - 10% Hz atmos- 2 2 3 
phere  b u t  a r e a s  o f  pr imary o x i d e  a t  t h e  t o p  o f  t h e  s o l i d i f i e d  zone l i m i t e d  
t h e  l e n g t h  o f  uniform composi te  s t r u c t u r e .  
10.  I n  a H, atmosphere  f a i r l y  un i fo rm composi te  growth was ob-  
A- 
t a i n e d  a lmos t  t h e  e n t i r e  l e n g t h  o f  t h e  s o l i d i f i e d  zone u s i n g  Z r O  - 10  
2 
mole p e r c e n t  Y 0 - 6.5 we igh t  p e r c e n t  W. 
2 3 
11. The s o 1 . i d i f i c a t i o n  o f  pr imary o x i d e  r e g i o n s  from o x i d e  r i c h  
compos i t ions  and W d e n d r i t e s  w i t h  o x i d e  h a l o s  from W r i c h  compos i t ions  are 
e x p l a i n e d  u s i n g  t h e  coupled zone and n u c l e a t i o n  t h e o r i e s .  
12.  Three  t y p e s  o f  h o r i z o n t a l  bands i n t e r r u p t i n g  t h e  c o n t i n u o u s  
f i b e r  growth were  observed and p o s s i b l e  c a u s e s  o f  two o f  t h e s e  d i s c o n -  
t i n u i  t ies are given.  
APPENDIX A 
CHEMICAL ANALYSIS O F  Z1:RCOA A-HC ZIRCONIUM DIOXIDE POWDER 
BY ZIRCORIUM CORPORATION O F  AMERICA 
E l e m e n t  PPM 
- - -  -- -- - 
l o t  6474 l o t  7970 
A n a l y t i c a l  m e t h o d  w a s  e m i s s i o n  spectroscopy.  
APPENDIX B 
CHEMICAL ANALYSIS OF YTTRIA POWDER BY KERR McGEE CHEMICAL CORPORATION 
OF AMERICA 
Element 
l o t  DO717 
Rare e a r t h  o x i d e s  
l o t  110909 
Also  ana lyzed  f o r  b u t  n o t  d e t e c t e d  (ND) were t h e  e lements  B y  Be, 
B i ,  Co, C r ,  Ge, Mn, Mo, N i ,  Pb, Sb,  Sn,  T i ,  T1, V ,  Zn, and Z r .  A l l  o t h e r  
r a r e  e a r t h  o x i d e s  were a l s o  n o t  d e t e c t e d .  
The method of' a n a l y s i s  f o r  t h o s e  r a r e  e a r t h  o x i d e s  d e t e c t e d  was 
ca thodoluminescence.  The method f o r  a l l  o t h e r  r a r e  e a r t h s  and t h e  e lements  
was s p e c t r o g r a p h i c a l l y .  
APPENDIX C 
CHEMICAL ANALYSIS OF TUNGSTEN POWDER BY FAIRMOUNT CHEMICAL CORPORATION 
Element PPM 














Average p a r t i c l e  s i z e  was r e p o r t e d  a s  2.13 microns 
Wah Chang H u n t s v i l l e  i n  a  s e p a r a t e  a n a l y s i s  r e p o r t e d  t h e s e  r e s u l t s  
f o r  t h e  t u n g s t e n  p,3wders. 
S u p p l i e . ~  Oxygen PPM Carbon PPM 
Fa i rmoull t 1576 20 
F i s h e r  640 3 
BIBLIOGRAPHY 
1. L. M.  Hogan, "The S o l i d i f i c a t i o n  o f  Binary E u t e c t i c  Al loys , "  
J o u r n a l  o f  the  A u s t r a l i a n  I n s t i t u t e  o f  Meta l s ,  Vol. 6 ,  No. 4 ,  1961, 
p  279. 
2 .  E .  S c h e i l ,  "Uber d i e  e u t e k t i s c h e  K r i s t a l l i s a t i o n , "  Z e i t s c h r i f t  
Meta l lkde , "  Vol. 45,  1954, p  298. 
3 .  H. W .  Weart and D .  J. Mack, " E u t e c t i c  S o l i d i f i c a t i o n  S t r u c t u r e s , "  
T r a n s a c t i o n s  o f  t h e  M e t a l l u r g i c a l  S o c i e t y  o f  AIME, 1958, p  664. 
4 .  A. K o f l e r ,  "Uber d i e  Ausscheidungsanomalien i n  u n t e r k u h l t e n  b i n a r e n  
Schmelzen, insbesondere  uber  d i e  sogenannte  Hofbi ldung,"  Z e i t s c h r i f t  
Meta l lkde ,  Vol. 40 ,  1.950, p  221. 
5 .  J .  D.  Hunt and K .  A .  J ackson ,  "Binary E u t e c t i c  S o l i d i f i c a t i o n , "  
T r a n s a c t i o n s  o f  t h e  M e t a l l u r g i c a l  s o c i e t y  o f  A N ,  Vol. 236, 1966, 
p  243. 
6 .  F. S.  Ga lasso ,  W .  L. Darby, F. C .  Douglas, and J. A .  B a t t ,  
"Unidirectic,nal  S o l i d i f i c a t i o n  o f  t h e  BaFe1201g-BaFe204 Eutec  t i c ,  " 
J o u r n a l  o f  t h e  American Ceramic S o c i e t y ,  Vol. 50, 1967, p  333. 
7 .  C .  0 .  Hulse  and J .  A .  B a t t ,  " P r e p a r a t i o n  and P r o p e r t i e s  o f  Di rec -  
t i o n a l l y  S o l i d i f i e d  ZrO -Y2O3 E u t e c t i c ,  " N a t i o n a l  M a t e r i a l s  Advisory 
Board Report  NMAB, 308-2, J a n .  1973, p 129. 
8 .  M. T. Johnson, "Control led Eutec  t i c  S o l i d i f  i c a t i o n  i n  t h e  A1203-  
Y3A15012 System," B a c h e l o r ' s  t h e s i s  i n  t h e  School  o f  Ceramic 
Engineer ing ,  Georgia I n s t i t u t e  o f  Technology,'  1970. 
9 .  M. C .  Pao, " U n i d i r e c t i o n a l  S o l i d i f i c a t i o n  o f  U02-RO Type R e f r a c t o r y  
Oxides w i t h  t h e  Emphasis i n  t h e  System U02-MgO, I '  Master ' s  t h e s i s  
i n  t h e  Schoc l  o f  Ceramic Engineer ing ,  Georgia I n s t i t u t e  o f  Tech- 
nology,  1973. 
10.  F. Schmid and D .  V iechn ick i ,  "Oriented Eutec  t i c  M i c r o s t r u c t u r e s  i n  
t h e  System A 1  0 3 - Z r 0 2 , 1 1  Journa l  o f  M a t e r i a l s  Sc ience ,  1970, p  470. 
11. D. V iechn ick i  and F. Schmid, " E u t e c t i c  S o l i d i f i c a t i o n  i n  t h e  System 
A1203-Y3A15C12,11 J o u r n a l  o f  M a t e r i a l s  S c i e n c e ,  1969, p  84.  
12. L. M. Hogan, R. W. K r a f t ,  and F. D. Lemkey, " E u t e c t i c  G r a i n s , "  
Advances i n  : X a t e r i a l s  Research,  Vol. 5 ,  e d i t o r ,  H. Herman. 
BIBLIOGRAPHY (Continued) 
A. T. Chapnlan, "Melt-Grown Oxide-Metal Composites," T e c h n i c a l  
Reports  1 -5 ,  sponsored by ARPA, c o n t r a c t  numbers DAAHOI-70-C-1157 
and DAAHOI-,71-C-1046, ARPA o r d e r  number 1637, 1971-1973. 
A. T. Chapnnn, G. W. C l a r k ,  and D.  E .  Hendrix,  'TJO2-W Cermets Pro- 
duced by U n i d i r e c t i o n a l  S o l i d i f i c a t i o n , "  J o u r n a l  o f  t h e  American 
Ceramic S o c i e t y ,  Vol. 53,  1970, p 60 .  
A.  T. Chapman, R. J .  Gerdes ,  J. C .  Wilson,  and G .  W. C l a r k ,  "Uni- 
d i r e c t i o n a l  S o l i d i f i c a t j . o n  Behavior i n  R e f r a c t o r y  Oxide Metal  
Systems," Journa l  o f  C r y s t a l  Growth, Vol. 13,  1972, p 765. 
R. J .  Gerdes ,  A .  T.  Chapman, and G.  W .  C l a r k ,  "Ref rac to ry  Oxide- 
Metal  Compo.sites: Scanning E l e c t r o n  Microscopy and X-ray D i f f r a c -  
t i o n  of  Uranium Dioxide-Tungsten," S c i e n c e ,  Vol. 167,  1970, p 979. 
N .  E. Grynkewich, "Fac to rs  Determining t h e  U n i d i r e c t i o n a l  S o l i d i f i -  
c a t i o n  Behavior o f  t h e  Sys tern U02-W," M a s t e r ' s  t h e s i s  i n  t h e  School  
o f  Ceramic Engineer ing ,  Georgia I n s t i t u t e  o f  Technology, 1972. 
M. D. Watson, "Zr02-W Cerme ts Produced by Uniderc t i o n a l  S o l i d i f  i c a -  
t i o n , "  B a c h e l o r ' s  t h e s i s  i n  t h e  School  o f  Ceramic Engineer ing ,  
Georgia  1 n s t : i t u t e  o f  Technology, 1969. 
M .  D. Watson, D. N .  H i l l ,  and A .  T. Chapman, " S o l i d i f i c a t i o n  Be- 
h a v i o r  o f  S t : a b i l i z e d  ZrO2-W," J o u r n a l  o f  t h e  American Ceramic 
S o c i e t y ,  Vol. 53,  1970, p 112. 
M.  D. Watson, T. A .  Johnson, J. F. Benzel,  and A. T. Chapman, 
" U n i d i r e c t i o n a l  S o l i d i f i c a t i o n  o f  Tungsten i n  S t a b i l i z e d  Zr02 and 
HfO2,I1 Proceedings  o f  t h e  Conference on I n  S i t u  Composites,  Lake- 
v i l l e ,  Connec t icu t ,  September 5-8, 1972, p 157. 
T. A.  Johnson, l lUnidirect : ional  S o l i d i f i c a t i o n  o f  Tungsten i n  S t a -  
b i l i z e d  Hafn ia , "  M a s t e r ' s  t h e s i s  i n  t h e  School  o f  Ceramic Engineer-  
i n g ,  Georgia  I n s t i t u t e  o f  Technology, 1972. 
T. A.  Johnso,n and  J. E'. Benzel ,  " U n i d i r e c t i o n a l  S o l i d i f i c a t i o n  o f  
S t a b i l i z e d  H.EO2-W," J o u r n a l  o f  t h e  American Ceramic S o c i e t y ,  Vol. 
56,  1973, p 234. 
C.  J e n ,  "Faceors Determining t h e  U n i d i r e c t i o n a l  S o l i d i f i c a t i o n  
Behavior o f  t h e  Systems U02-Ta, U02-Nb, and U02-Mo," Master's 
t h e s i s  i n  t h e  School  o f  Ceramic Engineer ing ,  Georgia  I n s t i t u t e  
o f  Technology, 1972. 
BIBLIOGRAPHY (Continued) 
R. P. Nelson and J. J. Rasmussen, "Composite S o l i d i f i c a t i o n  i n  t h e  
Sys tems : Gr203-Mo, Cr203-Re, Cr203-W, and MgO-W," Journa l  o f  t h e  
American Ceramic S o c i e t y ,  Vol. 53, 1970, p 527. 
J. Br iggs ,  p e r s o n a l  communication, 1972. 
F .  L. Brady, "The S t r u c t u r e  o f  E u t e c t i c s  , I 1  J o u r n a l  o f  t h e  I n s t i t u t e  
o f  Meta l s ,  Vol. 28, 1922, p 369. 
L. M. Hogan, "The 'coupled Region'  Concept i n  E u t e c t i c  S o l i d i f i c a -  
t i o n , "  Journa l  o f  t h e  A u s t r a l i a n  I n s t i t u t e  o f  Meta l s ,  Vol. 9 ,  1964, 
p 228. 
V. d e  L. Davies ,  "Mechanisms of  C r y s t a l l i z a t i o n  i n  Binary Eutec  t i c  
Systems," J o u r n a l  o f  Meta l s ,  - Vol. 93,  1964, p 10.  
G. A.  Chadkrick, Metal lography o f  Phase Trans format ions ,  B u t t e r -  
worths  , Lortdon, 1972. 
G .  A .  Chadwick, ': 'Controlled E u t e c t i c  Growth" i n  The S o l i d i f i c a t i o n  
o f  Metals, I r o n  and S t e e l  I n s t .  I S 1  P u b l i c a t i o n  110, 1968. 
G .  A .  Chadwick, " E u t e c t i c  Al loy  S o l i d i f i c a t i o n , "  i n  P r o g r e s s  i n  
M a t e r i a l s  S c i e n c e ,  Vol. 12,  1968, B. Chalmers e d i t o r ,  Pergamon 
P r e s s ,  Oxford.  
J. D. Hunt and K .  A. J ackson ,  "The Dendri  te-Eutec  t i c  T r a n s i t i o n ,  " 
T r a n s a c t i o n s  o f  t h e  M e t a l l u r g i c a l  S o c i e t y  o f  AIME, Vol. 239, 1967, 
p 864. 
W .  A .  T i l l e r ,  "Polyphase S o l i d i f i c a t i o n , "  L iqu id  Metals  and S o l i d -  
i f i c a t i o n ,  ASM, p 276, Cleveland,  1958. 
H .  E. C l i n e ,  "Theory o f  t h e  Lamel lar  D e n d r i t i c  T r a n s i t i o n  i n  
E u t e c t i c  A l l o y s ,  " T r a n s a c t i o n s  o f  t h e  M e t a l l u r g i c a l  S o c i e t y  o f  AIME,  
Vol. 242, 1968, p 161.3. 
K .  G .  Davis and L. M. Hogan, "The D e n d r i t e - E u t e c t i c  T r a n s i t i o n  i n  
Tin-Lead Al loys  S o l i d i f i e d  w i t h  Low ~ e m p e r a t u r e  G r a d i e n t s , "  J o u r n a l  
o f  t h e  A u s t r a l i a n  I n s t i t u t e  o f  M e t a l s ,  Vol. 15,  1970, p 29. 
A. Jackson ,  "The D e n d r i t e - E u t e c t i c  T r a n s i t i o n  i n  Sn-Pb Al loys  , I '  
Transaction:;  of t h e  M%llurgical  S o c i e t y  o f  AIME, Vol. 242, 1968, 
p 1275. 
L. M. Hogan, " S o l i d i f i c a t i o n  o f  t h e  Aluminum CuA12 E u t e c t i c :  The 
I n f l u e n c e  of t h e  Primary Phases , "  J o u r n a l  o f  t h e  A u s t r a l i a n  I n s t i -  
t u t e  of Met-, Vol. 7, 1962, p 188. 
BIBLIOGRAPHY (Conc luded)  
38.  B. E. Sundquis t ,  R.  Brusca to ,  and L. F. Mondolfo, "The S t r u c t u r e  
o f  E u t e c t i c s , "  J o u r n a l  o f  t h e  I n s t i t u t e  o f  M e t a l s ,  Vol. 91,  1962, 
p 204. 
39 .  B. E .  Sundqu is t  and L. F. Mondolfo, "Heterogeneous N u c l e a t i o n  i n  
t h e  L i q u i d -  t o - S o l i d  Trans fo rmat ion  i n  A l l o y s ,  " T r a n s a c t i o n s  o f  t h e  
M e t a l l u r g i c a l  S o c i e t y  o f  AIME, Vol. 221, 1961, p 157. 
40.  M. Perez  and R. Col longues ,  "Sur Le Chauffage e t  La Fus ion  Sans 
C r e u s e t  Pa r  I n d u c t i o n  Haute Frequency De Quelques Oxydes Ref rac -  
t a i r e s , "  g ? v .  Hautes  Temper. e t  R e f r a c t . ,  Vol. 1, 1964, p 23. 
41 .  A .  T. Chapman and G. W .  C l a r k ,  "Growth o f  U02 S i n g l e  C r y s t a l s  Using 
t h e  F loa t ing-Zone  Technique," J o u r n a l  o f  t h e  American Ceramic So- 
c i e t y ,  Vol.  4 8 ,  1965,  p 494. 
42 .  D .  N .  H i l l ,  " I n t e r n a l  Zone M e l t i n g  o f  R e f r a c t o r y  Oxides Using I n -  
duced Eddy-Current  H e a t i n g , "  Master's t h e s i s  i n  the School  o f  
Ceramic Enp, ineer ing,  Georgia  I n s t i t u t e  o f  Technology, 1969.  
43 .  C .  A .  Tudbury, B a s i c s  o f  I n d u c t i o n  Hea t ing ,  Vol.  1, John F.  R i d e r  
P u b l i s h e r ,  I n c . ,  New York, 1960. 
44.  B.  Gaye t ,  J .  H o l d e r ,  and G. Kurka, "Melt ing U02 by D i r e c t  High F r e -  
quency I n d u c t i o n ,  C .  E .  A .  , D i r e c t i o n  d e s  Mate r i aux  e t  Combust ib les  
Nuc l e a  i r e s .  
45 .  D .  K .  Smith and C .  F. C l i n e ,  " V e r i f i c a t i o n  o f  E x i s t e n c e  o f  Cubic 
Z i r c o n i a  a t  High Temperature,"  J o u r n a l  o f  t h e  American Ceramic 
S o c i e t y ,  Vol. 4 5 ,  1962,  p 249. 
46.  R .  Roth,  " Z i r c o n i a  Reac t:ions i n  Binary  Oxide Sys tems ," J o u r n a l  o f  
t h e  American Ceramic S o c i e t y ,  Vol. 39 ,  1956,  p 196.  
47.  P. Duwez, F. H. Brown, Jr . ,  and F. O d e l l ,  "The Z i r c o n i a  Yttr ia  
System," Z u r n a l  o f  t&Elec t rochemica l  S o c i e t y ,  Vol.  98 ,  1951, 
p 356. 
4 8 .  S .  C .  Carni: ; l ia ,  S .  D. Brown, and T. F .  Schroeder ,  "The E q u i l i b r i a  
and Phys ica  1 P r o p e r t i e s  o f  Oxygen-Def i c i e n t  Z i r c o n i a  and T h o r i a ,  I '  
J o u r n a l  o f  t h e  American Ceramic S o c i e t y ,  Vol. 54 ,  1971, p 13.  
49 .  A .  T .  Chapman, J .  Brynestad,  J .  C.  Wilson,  and G .  W .  C l a r k ,  "Redox 
E q u i l i b r i a  i n  Molten Uranium Dioxide ,"  paper  g i v e n  a t  t h e  F a l l  
Meeting o f  t h e  Nuc lea r  D i v i s i o n  o f  t h e  American Ceramic S o c i e t y ,  
San F r a n c i s c o ,  C a l i f . ,  Nobember 1, 1973. 
